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This thesis details an improved synthesis and full characterisation of a chiral phosphonic acid, 
(S)-[1,1’-binaphthalen]-2-ylphosphonic acid, (S)-bpa, derived from the commercially-available 
(R)-binol. From this sterically encumbered phosphonic acid ligand, a total of 27 new chiral metal 
phosphonates (11 first-row transition metal, 2 second-row transition metal and 14 lanthanide) 
have been prepared and characterised by single-crystal X-ray diffraction. 
Chapter 1 discusses the history of metal phosphonate chemistry and how reagents and 
conditions can be controlled in order to determine certain metal phosphonate structures. It also 
explains the nomenclature of phosphonate binding which will be used throughout the thesis. 
Chapter 2 discusses the synthesis of (S)-bpa and how it was optimised from the parent (R)-binol. 
The ligand was then reacted with Co(II) under different conditions in order to prepare three 
cobalt(II) phosphonates of remarkably different morphologies. Furthermore, (R)-bpa was 
synthesised and used to prepare the corresponding (R)- derivatives of the aforementioned three 
cobalt(II) phosphonates. One by-product of these reactions, the mononuclear Co(II) complex 
[Co(OAc)2(Py)2(H2O)2] (Py = pyridine) was found to exhibit slow relaxation after magnetic 
susceptibility measurements were conducted on it (Ueff = 25 cm-1 (36 K)). The magnetic 
susceptibility data for the other cobalt(II) phosphonates is pending. 
Chapter 3 further explores the versatility of (S)-bpa and details the preparation of nine transition 
metal phosphonates – seven first-row (Sc, two Mn, Fe, Ni, Cu and Zn) and two second-row (Y 
and Cd). 
In Chapter 4, we turn our attention to the lanthanides and the successful preparation and full 
characterisation of 14 (S)-bpa-lanthanide phosphonates (all except for promethium) is detailed. 
The structures adopt three different forms throughout the series – the first from La to Sm, the 
second from Eu to Tm and the third include Yb and Lu. Photophysical studies were conducted 
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Chapter 1 – Background and Introduction 
1.1 Phosphonic Acids and Metal Phosphonates 
An organophosphonic acid with regards to organic chemistry is a term describing a class of 
phosphorus (V) compounds with the general formula RPO3H2. These range from the simple 
phenylphosphonic acid 1 (Figure 1.1) – a well-studied ligand in metal phosphonate complexes1 
– to more complex, commercially important derivatives, examples of which would include the 
antiviral agent phosphonoformic acid2 (Foscavir®) 2 and the herbicide N-





The phosphonic acid moiety, RPO3H2 exists in equilibrium with its two deprotonated forms – 
usually referred to as the mono- and di-anionic phosphonates, RPO3H– and RPO32– (the exact 
position of equilibrium is dependent principally on the pH, see Figure 1.2). Usually, the first 







As Figure 1.2 shows, phenylphosphonic acid is roughly 1000 times more acidic than benzoic acid, 
due to the greater delocalisation present in the PO3H– anion compared the CO2– anion. Like 
carboxylates, phosphonates are known to be hard Lewis bases,5 and thus generally form strong 
bonds with hard metal cations Mn+ (n = 2 or greater). Hard cations tend to have a small ionic 
radius and a high oxidation state. Hard-soft acid-base (HSAB) theory would dictate hard metal 
ions such as first-row transition metals and the lanthanides would be the most suited electron 
acceptors,6 and indeed, a plethora of such complexes exist in the literature, although they are 
Figure 1.1 Phenylphosphonic acid 1,1 phosphonoformic acid 22 and N-(Phosphonomethyl)glycine 3.3 
 
Figure 1.2 Top: Phenylphosphonic acid with its mono- and doubly deprotonated forms. Acid dissociation constants 







by no means the only metals which can bind phosphonates.7 A search of the Cambridge 
Crystallographic Database Centre (CCDC) reveals many first- and second-row transition metal 
(TM) phosphonates have had their crystal structures elucidated.8 Table 1 shows this. 














 Sc 4 Y 36 
Ti 110 Zr 52 
V 296 Nb 5 
Cr 17 Mo 274 
Mn 229 Tc 1 
Fe 129 Ru 32 
Co 417 Rh 3 
Ni 189 Pd 20 
Cu 661 Ag 77 
Zn 458 Cd 160 
 
Copper phosphonates are the most numerous, with 661 crystal structures published as of 2018. 
Surprisingly, there are a relatively large number of molybdenum phosphonate crystal structures 
published in the literature at 274 – more than many first-row transition metal phosphonates 
such as Cr, Mn, Fe and Ni. Perhaps the relative success of molybdenum phosphonate chemistry 
lies in its maturity. The archetypal ammonium phosphomolybdate – the first polyoxometalate 
(POM) – was discovered in 1826.9 POMs exist in a variety of sizes but generally consist of two 
principle components – a polyanionic cluster and cations to balance this large negative charge.10 
Here, the oxometallic polyhedral MOx (x = 5 or 6) is the basic building block. POMs have 
attracted attention as potential candidates for a variety of applications including water-
splitting,11 antiviral drugs12 and catalysis.13 
It is often pertinent to discuss metal phosphonates in terms of their crystal structures, in order 
to understand their solid-state behaviour. Solution-based studies such as NMR spectroscopy are 
limited in their applications here since the vast majority of metal phosphonates have unpaired 
electrons and thus significant line-broadening will occur.14 However, some phosphonates such 
as yttrium or lanthanum exist in the d0 or f0 states, and therefore NMR-based studies may also 
be used in conjunction with crystal data. 
Table 1 Published crystal structures of various first- and second-row transition metal phosphonates. Data accessed 






1.2 Applications of Metal Phosphonates 
Metal phosphonates have garnered increasing attention in the past few years, owing to their 
potential applications in areas including 1) catalysis,15 such as when Clearfield and co-workers 
demonstrated tin phenylphosphonate functioned as an exceptional catalyst in Baeyer-Villiger 
oxidations.16 2) absorption and separations,17 such as when Bein and co-workers demonstrated 
that a mixed NaLa phenylphosphonate 4 exhibited high selectivity towards monovalent alkali 
cations.18 3) the treatment of some cancers with metal phosphonates has also been investigated 
– bisphosphonate ligands, such as zoledronic acid 5, have been shown to possess efficacy 
against early breast cancer development.19 4) magnetism20 is another application, such as when 
Christou et al. prepared an SMM Mn3 cluster 7 from diphenyl phosphonic acid 621 and 5) 
luminescence is also an attractive opportunity,22 such as when Parker et al. prepared specific 
europium phosphonates 8 that have been proposed as organelle stains for live cell imaging.23 















Figure 1.3 Top left: Structure of the NaLa phosphonate MOF 4 prepared by Bein and co-workers.18 Bottom left: 
Structure of the diphenylphosphonic acid 6 used by the Christou group to prepare the Mn3 SMM 7.21 Top right: 
structure of NE-58051 5 which demonstrated high efficacy against breast cancer.19 Bottom right: Core structure of 






As can be seen, phosphonic acids and metal phosphonates find a wide range of applications in 
several fields of chemistry, biology and materials science. These will be examined in greater 
detail in the following sections. 
1.2.1 Magnetism 
In the early 1990s it was discovered that a manganese acetate cluster (Figure 1.4) could retain 
its magnetisation in the absence of an externally-applied magnetic field at liquid helium 
temperatures.24 The dodecametallic manganese acetate cage, [Mn12O12(OAc)16(H2O)4] (or 
Mn12Ac in shorthand) 9 became the progenitor in a long line of so-called single-molecule 
magnets (SMMs). SMMs display magnetic hysteresis on the molecular scale. Hysteresis refers 
to the aligning of the dipoles of the molecule with an external magnetic field, which is retained 
even after the field is shut off. The intrinsic properties of SMMs include a high spin ground state, 
S, and for that spin to have easy-axis type anisotropy (deviation of the electron density from a 
perfect sphere, resulting in directional dependence of an external magnetic field along an 
energetically favourable axis – the easy axis). A large negative zero-field splitting (removal of 
spin microstate degeneracy for systems with S > ½ in the absence of an external magnetic field) 
is also required. As attempts to synthesise more effective SMMs were undertaken, it was soon 
observed that control of both spin and anisotropy were essential – very high spin compounds 
with no spin anisotropy are not SMMs.25 compound 9 was found to have an anisotropy barrier 
of 51 cm-1, while the largest anisotropy barrier recorded in a transition metal cluster (at the date 
of writing this thesis) was found to be 1277 cm-1. This belonged to a dysprosium metallocene 











Figure 1.4 Left: Structure of Mn12Ac 9 in the crystal. Right: 9 with peripheral CH3 groups removed and Mn atoms 





Notwithstanding the interesting intrinsic properties of SMMs, it was soon realised they could in 
principle be used in new technological applications. Magnetic data storage, such as that found 
in common hard disk drives, is one such avenue. These store data by magnetising a thin strip of 
ferromagnetic material coated onto a disc (called a platter). The actual information is stored in 
domains – grains in the material which have different magnetic alignments to their neighbours 









Current efforts in data-storage technology are focused mainly on reducing the number of grains 
per bit.27 It is postulated that the theoretical limit in storage with contemporary ferromagnetic 
materials is 20 Tbit/inch2.28 If greater storage density can be realised (and indeed, with the 
advent of quantum computing, may become a necessity29) then it is necessary to consider bit 
storage with regards to individual molecules. This is where SMMs could play a vital role. 
Despite this, the true potential of SMMs can only be realised when two major obstacles are 
overcome. The first hurdle, as mentioned previously, is that their tendency to retain 
magnetisation in the absence of external magnetic fields only occurs at liquid helium 
temperatures. Raising the temperature even a few degrees K higher results in complete loss of 
magnetisation and the molecules revert back to simple paramagnets. Thus, the operating 
temperatures need to be somehow increased – liquid nitrogen temperatures would be a logical 
first milestone due to liquid nitrogen’s greater availability and ease of handling when compared 
to liquid helium. The second problem is successfully depositing the potential SMM material onto 
Figure 1.5 Diagrammatic representation of the domains found in the ferromagnetic material coated onto a hard-
disk drive platter. Shown below is a single grain which exists at the boundary between two domains. In this 





a surface where the individual molecules can be addressed. Currently only a few examples of 
this avenue being explored exist in the literature.30 
It may then, beg the question, where do metal phosphonates fit into this? Well, as discussed in 
the previous section, by careful fine-tuning of the steric bulk on the phosphonic acid and by 
careful choice of co-ligand, discrete clusters could be prepared. Thus, by applying the same 
principles, it was reasoned that anisotropic clusters could be prepared. And indeed, this was 
found to be the case – there are multitudes of SMM metal phosphonates in the literature.31 One 
such example is a Cu24Dy8 cage 11 prepared by Winpenny and co-workers,32 from the reaction 
between tritylphosphonic acid 10 (Figure 1.6), Cu(OAc)2•4H2O and Dy(NO3)3•6H2O in a 1:2:1 
ratio. A somewhat unwieldy structure to represent in conventional ball-and-stick format – the 
framework consists of an inner cube of 12 Cu(II) centres connected to an outer cube of another 
12 Cu(II) centres, with eight Dy(III) centres capping each vertex of the cube (Figure 1.6). 
Variable AC susceptibility measurements were performed which indicated 11 possessed 
frequency-dependence – characteristic of slow magnetic relaxation. Single-crystal 
measurements of 11 were performed using micro-SQUID analysis, and the observed hysteresis 
loops showed increased coercivity (resistance to an external magnetic field) as the temperature 










Figure 1.6 Top left: Structure of the tritylphosphonic acid ligand 10 used to prepare the Cu24Dy8 SMM below. Bottom 
left: Structure of the Cu24Dy8 cage 11 in the crystal (grey areas indicate Cu atoms while the yellow polyhedra capping 
the vertices represent Dy atoms). Right: Hysteresis loops for 15 at various temperatures. It can be seen that coercivity 






Metal phosphonates have demonstrated efficacy in certain catalytic transformations – almost 
all of which are oxidations – with a few exceptions.33 It should be stressed the emphasis here is 
less on achieving optimal conversions or ees to complicated transformations, rather a 
demonstration of how standard oxidants used in common oxidation reactions such as peracids 
or chromium(VI)-based reagents can be avoided. Peracids are expensive, hazardous and 
ecologically undesirable due to the generation of carboxylic by-products, while chromium(VI) 
salts are known carcinogens.34 
In 2001, Corma et al. prepared a Sn β-zeolite which was found to be an efficient catalyst for 
Baeyer-Villiger oxidations of both saturated and unsaturated ketones with hydrogen peroxide 
as the oxidant.35 The Baeyer-Villiger (BV) reaction is the oxidative cleavage of a carbon-carbon 
bond adjacent to a carbonyl, which converts ketones to esters and aldehydes to phenols, the 
latter via an ester intermediate (Figure 1.7). Traditionally, peracids such as m-CPBA were used 
as the oxidants, however these have the drawbacks of producing unwanted carboxylic acids as 
by-products, as well as the disadvantages listed above.36 The high activity was attributed to 
direct activation of the ketone group, as opposed to other catalysts, which first activate the 
hydrogen peroxide. In 2008, Clearfield et al. prepared a layered Sn(IV) phenylphosphonate by 
reaction of tin(IV) chloride pentahydrate and phenylphosphonic acid via hydrothermal 
synthesis.16 This was found to improve conversions and selectivity for the BV oxidation of 4-
methoxybenzaldehyde when compared to the Sn β-Zeolite (Table 2). Further to this, it was 
found that the oxidation with their phosphonates performed best when no solvent was used – 








Figure 1.7 Generic reaction scheme showing the two possible pathways of the BV oxidation of an aryl 
aldehyde. The preferred pathway (blue) leads to the formation of an ester, which can then be converted 





Catalyst Sn Content / % 
Wt. 
Conversion / % Selectivity for 
Phenol / % 
Conditions 
SnO2 β-zeolite 2 56 46 Acetonitrile 
solvent 




24.5 98 100 No solvent / 30% 
H2O2 
 
The postulated reasons for this marked increase in efficacy were two-fold. Firstly, the 
phosphonates contain ~20% Sn by weight, compared to the ~2% Sn in the zeolites. This suggests 
a higher density of Sn(IV) active sites on the surface of the phosphonate, leading to increased 
conversions. The second reason was deduced from an inspection of the scanning electron 
microscopy (SEM) images of the phosphonates – it was found that the layered structure 
contained an abundance of defects in the lattices – a stark contrast to the almost perfectly 
ordered Sn β-zeolite structure. It was these defect sites where a molecule of H2O2 could form a 
complex with the Sn.16 
Sullivan and co-workers have developed a range of silica-supported alkyl phosphonates 12 
which when coordinated to various metals (Figure 1.8), proved to be effective catalysts for allylic 
and benzylic oxidations,37 as well as epoxidations38 and conversions of sulfides to sulfoxides.39 
The traditional reagents for these transformations are chromium-based salts, manganese oxide 
or permanganate coupled with a strong peracid such as meta-chloroperoxybenzoic acid. As well 
as the aforementioned difficulties when handling these compounds such as their inherent 
toxicity, stoichiometric quantities of the oxidising agent are often required, making the process 
uneconomical – especially if performed on an industrial scale. In contrast, the alkyl 
phosphonates are used in typical loadings of ~0.5-5 mol% (based on the metal) and can be re-
used without any evidence of metal leaching.37,38,39 Cheap oxidants such as tert-




Table 2 Tin content, conversion and selectivity for the BV oxidation of 4-methoxybenzaldehyde for a SnO2 β-zeolite, 









One important transformation is the modification of steroid derivatives. Thus, the cobalt 
complex of 12 was investigated in the allylic oxidation of the unsaturated steroid derivatives 13 







In actual fact, these silica-supported alkyl phosphonates are available commercially from Strem 
Chemicals Inc. as the VO(II), Mn(II), Co(II) or Ce(IV) analogues.40 Since these are simple oxidation 
reactions which can be monitored by 1H NMR spectroscopy, it would be interesting to see how 
our TM phosphonates compare with these derivatives already on the market. We will look at 
the oxidation of simpler analogues such as substituted cyclohexenes rather than the steroid 
derivatives. 
Substrate Mmol. Co Time / h Temperature / °C Isolated Yield / % 
13 0.096 20 55 80 
13 0 24 70 0 
14 0.096 24 50 97 
15 0.096 24 50 70 
16 0.096 24 50 86 
Figure 1.9 Oxidation of steroid derivatives 13 – 16 using tert-butylhydroperoxide and catalysed by the cobalt analogue 
of 12. 
 
Figure 1.8 Formation of the active catalysts by reaction of the sodium phosphonate precursor with various metal 
salts. The chain length can either be two methylenes (ethyl) or four (butyl) methylenes long. 
 
Table 3 Results of the allylic oxidations of substrates 13 – 16, catalysed by [Co(12)]. All reactions were conducted in 
acetonitrile on a 1 mmol scale (9.6% catalyst loading). Conversions were determined by filtration followed by washing 







Luminescence is a rather umbrella term which in its simplest definition refers to the emission of 
visible light by a material after some form of excitation. If one wishes to convey the method of 
excitation with a little more specificity, a prefix may be added to the term. Taking some 
examples of common luminescence: 
Photoluminescence refers to a compound which is excited by photons (visible or UV illumination 
being the most common means). 
Chemiluminescence refers to a compound which is excited by a chemical reaction. 
Electroluminescence refers to a compound which is excited by an electrical current. 
Cathodoluminescence refers to a compound which is excited by a beam of electrons or cathode 
rays. 
Furthermore, the term “luminescence” confers no indication as to the method (or competing 
methods) of the actual emission process. It is often used interchangeably with the more specific 
methods of decay, leading to some confusion. The two most commonly encountered processes 
of emission are: 
Fluorescence which is usually characterised by a short lifetime of the excited state (~100 ns or 
less). 
Phosphorescence which is usually characterised by a longer lifetime of the excited state (on the 
order of milliseconds to seconds). 
A tangible effect of these differing processes is that a material that exclusively fluoresces will 
immediately cease after the source of excitation (such as a UV lamp) is removed; a material that 
phosphoresces, on the other hand, will continue to emit an “afterglow” even after the excitation 







The number of distinct materials used in commercial phosphors (species which fluoresce or 
phosphoresce) is rather limited – usually they consist of ceramic oxides. For instance, the 
phosphors in cathode-ray tube (CRT) monitors are typically based around Y2O2S doped with 
either Eu or Tb, and ZnS doped with AgCl (giving rise to red, green and blue respectively). 
Organic-inorganic hybrid compounds such as metal phosphonates provide the opportunity to 
bridge the gap between the high tunability of the organic moieties and the metal atoms which 
provide the mechanism for the actual luminescence. The metals alone will emit at specific 
wavelengths, but when bound to the metals, the ligands allow these wavelengths to be shifted 
to different frequencies, or can suppress or accentuate certain emissions, leading to different 
colours and intensities.  
A significant number of lanthanide phosphonates exhibiting attractive luminescent properties 
have been published in the literature over the last few decades, many of which are described 
along with their luminescence properties in the review by Mao.22 Many lanthanide compounds 
fluoresce when exposed to UV light, with the majority of the electronic transitions being 
governed by rearrangement of the f-electrons, commonly known as the f → f transitions. 
Figure 1.10 Simplified Jabłoński diagram illustrating various electronic transitions. For the sake of simplicity, the 
energy levels of n = 0, 1, 2 etc. are shown with equal spacing, but in reality, the spacings converge at higher values 







Chen et al. prepared a number of chiral one-dimensional lanthanide phosphonate chains (Ln = 
Eu, Gd, Tb, Dy) via the hydrothermal method.41 The phosphonic acid utilised was (S)- 
(phosphonomethyl)-L-proline ((S)-17, Figure 1.11), which itself was prepared from L-Proline. 
Enantiopure proline was chosen as the precursor since chiral organic-inorganic frameworks are 
potentially applicable in asymmetric catalysis and enantioselective separations.42 After 
hydrothermal treatment, colourless block crystals of each of the four lanthanide phosphonates 
were isolated – all of which were found to be isostructural with each other. Solid state 
photoluminescence studies were conducted on the Eu and Tb derivatives, both of which were 
found to be intensely fluorescent. Figure 1.11 shows the structure of the Eu derivative (S)-22 in 
the crystal, as well as its emission spectrum.  
 
(S)-18 
Figure 1.11 Top: Structure of (S)-(phosphonomethyl)-L-proline (S)-17 and structure of the helical europium 
phosphonate chain (S)-18 in the crystal (hydrogen atoms omitted). Bottom left: View of (S)-18 down the c-axis with 
europium and phosphorus atoms depicted as polyhedra, with the channel forming between four separate chains. 









The result is an infinite helical chain (by virtue of the chirality in (S)-17) extending down the c-
axis. One important property of these chains are the complete lack of water molecules 
coordinated to the lanthanide atoms – these are known to quench the fluorescence properties 
of lanthanide complexes.43 A lack of bound aqua ligands implies complete encapsulation of the 
europium ions by the ligand has occurred – this is an essential attribute for strong emission via 
fluorescence, since interaction with solvent molecules is known to facilitate the undesired non-
radiative decay processes.43 The Tb analogue, (S)-19 also produced strong solid-state emission 







Therefore, by careful fine-tuning of the ligand, a Eu or Tb fluorescent marker with highly specific 
intensities in its emission bands could be synthesised. Lanthanide phosphonates can, and have 
fulfilled this role.44 With regards to security tagging, the advantages of a lanthanide-based 
marker as opposed to organic or transition-metal based markers would be that any fake organic 
fluorescent marker which glows red or green could still be identified as counterfeit, since the 
relative intensities of the sharp emission lines produced by the lanthanide complex can be easily 
identified, and are distinctive for each complex. On the other hand, the broad emission bands 
of a genuine and counterfeit transition metal complex would be almost impossible to distinguish 
with UV-vis spectroscopy. 
In conclusion, we would also like to examine the photoluminescence properties of any europium 
and terbium phosphonates which we will prepare. Since the interaction between lanthanide 
cations and anionic ligands is coulombic, the phosphonate moiety would be an ideal candidate 
for a strongly binding ligand. Having seen that the photophysical properties of Eu(III) and Tb(III) 
complexes are desirable, we will attempt to prepare analogous compounds using chiral 
phosphonic acids in order to establish their properties for comparison.  
Figure 1.12 Solid-state emission spectrum of the terbium(III) phosphonate analogue (S)-19 (λex = 248 nm) with all 





1.2.4 Absorption and Separation 
The successful selective absorption, and by inference, separation of specific metals, liquids and 
gases is of critical importance in the modern world and finds applications in a multitude of 
industrial processes including water treatment,45 metal recycling,46 ion exchange separations47 
and gas sensing.48 Zeolites and metal-organic frameworks (MOFs) such as POMs can generally 
fulfil these roles with varying degrees of success,49 although one feature that remains constant 
is the rigidity of the framework. It was believed that this was an essential structural feature since 
flexibility would lead to a collapse of the structure.50 This perspective has since been 
fundamentally changed with the discovery of flexible porous frameworks capable of expanding 
their unit cell volumes (some up to 170%51) with the connections between the inorganic and 
organic moieties remaining intact.52 Further to this, some of these MOFs have been shown to 
adapt their pore sizes to accommodate guest molecules of varying sizes, leading to high 
specificity for certain guest atoms or molecules.53 
In 2009, Bein and co-workers developed a flexible phosphonate MOF based on the 1,4-
phenylenebis(methylidyne)-tetrakis(phosphonic acid) ligand 20 (Figure 1.13).18 Reaction of this 
ligand with lanthanum(III) nitrate hexahydrate and sodium hydroxide in deionised water via 
hydrothermal synthesis yielded the sodium lanthanum phosphonate NaLa[(20)]•4H2O, 4. The 
Na+ ions that resided in the framework’s cavities were found to completely exchange with other 
monovalent cations (Li+, K+ and Rb+ but not Cs+) when the phosphonate was stirred in a saturated 
solutions of LiCl, KCl and RbCl. This was achieved by the structure expanding and contracting its 
pore sizes to accommodate the various monovalent cations, from 0.76 Å (Li+) to 1.52 Å (Rb+). 
Remarkably, divalent alkali earth cations (Mg2+, Ca2+, Sr2+, Ba2+) and some divalent transition 
metal cations (Mn2+, Ni2+, Cu2+) were completely rejected by 4 (Figure 1.13). This phosphonate 
therefore provided the means to separate mono and divalent cations in a cheap and facile 
manner – the insoluble phosphonate is simply added to a solution containing the mixture, 












Nitrogen-containing bisphosphonates (NBPs) have proven to be effective at strengthening 
bones and preventing osteoporosis.54 Risedronic acid 21 (often sold commercially as its sodium 
salt) is one such example of an established bisphosphonate drug (Figure 1.14). Zoledronic acid 
5 is another example (Figure 1.211). These drugs function by inhibiting the function of 
osteoclasts (specialised bone cells that break down other bone tissue). Since osteoporosis is 
caused by these tissue destroying cells being more active than the tissue-forming cells, the NBPs 
help to restore the equilibrium of the two.  
Furthermore, NBPs such as the aforementioned have demonstrated utility in treating osteolytic 
bone metastasis (secondary tumour growth in the bones). They exhibit anti-tumour activity in 
vitro and can reduce skeletal tumour burden and reduce metastases in vivo.19 
 
  
Figure 1.13 Left: Graphical representation of how the cell volume of 4 expands or contracts to accommodate the 
various monovalent cations (excluding Cs+). As can be seen, divalent cations are completely rejected. Top right: 
Structure of the tetrakis- phosphonic acid ligand 17 used to prepare the NaLa phosphonate. Bottom right: Structure 
of the NaLa phosphonate 4 in the solid-state with phosphonates represented by polyhedra.18 






1.3 Nomenclature of Metal Phosphonate Binding 
The doubly deprotonated form of the phosphonic acid molecule, RPO32- contains three identical 
oxygen donor atoms and, in principle, can bind up to nine metal ions via the nine lone pairs of 
the three oxygen atoms. In order to convey the coordination of such potentially high denticity 
ligands in the most succinct manner possible, Harris notation is used.55 Harris notation describes 
the binding mode in the general form [X.Y1Y2...Yn] where X is the total number of metal ions in 
the whole system, and each value of Y refers to the number of metal atoms bound to the donor 
atoms. The ordering of Y is dictated by the Cahn-Ingold-Prelog priority rules – donor atoms of 
higher atomic number are listed first (although for phosphonates this rule is nullified as all atoms 









For instance, if we consider the hexametallic cobalt phosphonate 22, prepared by the Winpenny 
group (Figure 1.16),56 we can deduce that the binding mode for the sole phosphonate ligand in 







Figure 1.16 Left: Crystal structure of the hexametallic cobalt phosphonate cluster 22 prepared by the Winpenny 
group.56 Right: Core of the structure with peripheral ligands omitted. This will be discussed in the following 
section as an example of the ancillary ligand method of preparing molecular metal phosphonates. 
22 






So far, we have not considered the possibility of more than one oxygen atom of the 
phosphonate binding to the same metal. Should this be the case, there is an additional layer to 





Again, the leading X-value – which determines the total number of metals bound by the ligand 
– remains the same as before. However, a subscript is introduced for the Y-values – this 
distinguishes the different metals in the system – which now becomes a necessity, since it is 
now required to know which metal is chelated and which binds individually. The subscript 
number indicates the arbitrarily assigned metal number, which is usually labelled beforehand in 
the crystal structure (see Figure 1.31). To take the second binding configuration as example, 
there are three metal ions in total bound by the phosphonate, so the X value is 3. Two oxygen 
atoms chelate to M1, therefore both the first two Y values contain the subscript 1. The final 
oxygen binds to M2 and M3, therefore its value is 2. However, it must also contain the two 
individual subscripts for M2 and M3 (as it does not chelate to these). The Harris notation is 







Thus, with some practice, Harris notation allows for almost instant recognition of which metals 
bind to which atom, and how many chelate (if any). Henceforth, we shall describe the binding 
modes of the phosphonate clusters presented in this thesis using this notation.  
Figure 1.17 Further examples of common binding modes with their respective Harris notations. 





At this juncture it would be prudent to briefly summarise the history of metal phosphonate 
chemistry while applying the Harris notation to these examples. Should wider reading on the 
topic be deemed necessary, there exist several excellent reviews on metal phosphonate 
chemistry. Clearfield and Demadis’ Metal Phosphonate Chemistry: From Synthesis to 
Applications provides a comprehensive synopsis of how this interdisciplinary field has 
developed over the last 25-30 years.57 The summary which will be described here will be mostly 
limited to the reaction of phenylphosphonic acid with metals, as it will be shown that this 
phosphonic acid is the most sensible benchmark for our studies. Phenylphosphonic acid is a 
well-studied ligand in coordination chemistry – it is cheap, commercially available and soluble 
in a wide range of non-polar and polar solvents such as simple alcohols and even water. This 
allows its coordination behaviour to be directly compared in both aqueous and organic media.1 
1.3.1 Zirconium Phosphonates 
In 1978, Alberti et al. directly reacted various phosphonic acids with a source of Zr(IV), producing 
the first zirconium phosphonates.58 In general, 
Zr(IV) + 2RPO3H2 → Zr(O3PR)2 + 2H+ 
It was known that zirconium diphenylphosphonate Zr(O3PPh)2 23 (Figure 1.19) formed an 
extended layered structure – each layer consisted of an infinitely-long Zr(O3PPh)2 chain, and 
these chains were stacked on top of each other. Ascertaining the exact structure from single 
crystal X-ray diffraction proved difficult due to its virtually insoluble nature. It was not until 1993 
that Poojary et al. solved the structure by X-ray powder diffraction.59 The structure is indeed 
layered – virtually identical to that of zirconium phosphate.60 The phenyl rings are tilted 30° 
relative to the grain of the chains. The interlayer Ph...Ph spacings are 13.7 – 14.7 Å.  
 
Figure 1.19 Left: α -Zirconium phenylphosphonate, Zr(O3PPh)2 5, as viewed down the b-axis.58 Right: Representation 








Relating back to the earlier discussion on nomenclature, the phosphonates in 23 bind in a 
[3.111] configuration (the third oxygen in the phosphonate shown in Figure 1.19 binds to 
another layer of Zr atoms). 
1.3.2 Iron Phosphonates 
In 1990, Rouxel et al. prepared the iron(III) phosphonate species HFe(PhPO3H)4 24 in 
dichloromethane from iron oxychloride and an excess of phenylphosphonic acid.61 Again, the 
compound is layered in structure (similar to the α-ZrP type motif) with each of the Fe3+ atoms 
octahedrally coordinated by oxygen atoms from six different phosphonate groups. Two of these 
phosphonate groups bind in a monodentate [2.110] manner while the other four bridge in a 




It was noted that when the solvent was switched from dichloromethane to acetone, the rate of 
consumption of FeOCl was impeded i.e. the rate of reaction to form the layered phosphonate 
was slowing. The reaction rate was further reduced when water was used as the solvent. This 
was attributed to decreased association of phenylphosphonic acid with the solvent when 
performed in dichloromethane, as opposed to acetone and water, which through hydrogen 
bonding, would hinder the interactions of the active oxygen atoms in phenylphosphonic acid 
with the Fe(III) ions.  This illustrates the importance of solvent choice in phosphonate chemistry. 
In the case of 24, the solvent choice only affected the rate of reaction – the product remained 
the same. However, as we shall see later, different solvents can sometimes lead to different 
products entirely, or even determine if a product forms at all. 
Figure 1.20 Left: Structure of HFe(PhPO3H)4 6 in the crystal as viewed down the c-axis.61 Right: Representation 







Another group of common iron(III) phosphonate motifs are the oxo-centred tri-iron clusters, 
[FeIII3(μ3-O)]. Figure 1.21 is a typical example from Winpenny et al. – [FeIII4(μ3-O)(Cl)(O3P-
Ph)3(O2C-Ph)3(py)5], 25 – formed from the reaction of PhPO3H2 with [FeIII3(μ3-
O)(O2CMe)6(OH2)3](NO3) in pyridine.62 The Fe1-O1-Fe2, Fe1-O1-Fe3 and Fe2-O1-Fe3 angles are 
almost exactly 120° apart and the N1, N2 and N3 atoms are virtually coplanar, giving the 
appearance of a central propeller-like structure with the phosphonates and final Fe centre lying 
out of plane. Each of the three phosphonate ligands bind in a [3.111] manner. Furthermore, 
there is a lone chloro ligand bound to Fe3. 
 
Unlike the previous examples, this metal phenylphosphonate does not form a layered structure, 
but instead forms discrete Fe4 clusters. As will be explained in the following section, this was 
achieved by starting with an iron carboxylate cage rather than an iron salt. The carboxylate 
ligands were substituted for phenylphosphonate ligands in the subsequent reaction, leading to 
the formation of 25. Pyridine was added as a secondary ligand and has also incorporated itself 




Figure 1.21 Left: Structure of [FeIII4(μ3-O)(Cl)(O3P-Ph)3(O2C-Ph)3(py)5] 25 in the crystal. Right: Structure of [FeIII4(μ3-
O)(Cl)(O3P-Ph)3(O2C-Ph)3(py)5] core with peripheral ligands omitted.62 This will be discussed in the following 






1.3.3 Lanthanide Phosphonates 
Lanthanide phosphonate chemistry could still be considered a fledgling field when compared to 
that of its transition metal phosphonate counterpart. An inspection of the CCDC for lanthanide 
phosphonates using the same search parameters as for first- and second-row transition metals 
(Table 1) reveals that there are, in general, fewer total structures published (Table 4).   
 
Indeed, the most interesting area of lanthanide phosphonate chemistry – at least in terms of 
magnetism – are the mixed Ln-TM clusters.63 However, we shall restrict ourselves in this section 
to discussing only phosphonates of homometallic origin. In 1992 Clearfield and co-workers 
successfully prepared lanthanum phenylphosphonate, [La(O3PPh)(HO3PPh)] 26 and solved its 
structure (Figure 1.37).64 The crystal system is triclinic with a layered structure. Each lanthanum 
atom is 8-coordinate – one oxygen atom chelates to a lanthanum, with the remaining two 




















 La 104 Tb 65 
Ce 49 Dy 66 
Pr 55 Ho 27 
Nd 76 Er 44 
Pm 0 Tm 4 
Sm 45 Yb 20 
Eu 83 Lu 10 
Gd 114   
Figure 1.22 Left: Structure of [La(O3PPh)(HO3PPh)] in the crystal, as viewed down the c-axis.64 Right: Representation 
of the connectivity of the La atoms to the phosphonates. 
 
Table 4 Published crystal structures of various lanthanide phosphonates. Data accessed from the CCDC’s Conquest® 







Assigning the binding of the phosphonates in Harris notation here becomes somewhat tricky, 
due to the nature of the species and presence of chelating oxygens, which requires 
distinguishing between metals. However, 26 is polymeric, with all lanthanum atoms being 
equivalent. Therefore, to differentiate between these, we arbitrarily number the lanthanum 
atoms in an alternating fashion: La1, La2, La1, La2... Now it is possible to describe the binding of 
each phosphonate as [2.1112212] (remembering that the ordering of the Y-values is 
inconsequential here since all atoms are oxygen). Although it is not pertinent for phosphonates, 
if the ligand were to contain different atoms capable of binding (such as nitrogen or sulfur), then 
the ordering of the Y-values would become a necessity. The ligand 6-(diethylamino)-2-hydroxo-
4-sulfanyl-1,3,5-triazine 27 (Figure 1.23) prepared by the Winpenny group is one such 
example.65 It contains three heteroatoms (nitrogen, oxygen and sulfur) and exhibited a 




Since the Cahn-Ingold-Prelog priority rules use atomic number as the parameter for assigning 
priority,66 in this instance it would be S > O > N. This would be the order of the corresponding Y-
values. Taking the leftmost binding configuration from Figure 1.23 as an example, it can be seen 
that the sulfur and nitrogen atoms chelate the first cobalt, while the second cobalt binds in a 
monodentate fashion to the oxygen. The X value is therefore 2, from the two cobalt atoms 
binding in total. The first Y value (which corresponds to the sulfur atom) is bound to one cobalt, 
so its value is 1, and since it chelates, its subscript value is 1 – to represent the arbitrarily 
Figure 1.23 Structure of the ligand 6-(diethylamino)-2-hydroxo-4-sulfanyl-1,3,5-triazine 27 and its five experimentally 





assigned first cobalt. The second Y value corresponds to the oxygen. This binds to one cobalt, so 
its value is 1. It binds to the second cobalt making its subscript value 2.  
Finally, the third Y value corresponds to the nitrogen atom. It binds to one cobalt, giving it a 
value of 1. Furthermore, it binds to the same cobalt that the sulfur does, so its subscript value 
is the same as that for sulfur, which is the first cobalt atom. 
As seen with all but one example, it is evident that the simple reaction between a metal salt and 
phenylphosphonic acid in the presence of a solvent results in the formation of infinite polymeric 
chains, which usually manifests itself as waxy precipitates. The literature of the early days of 
metal phosphonates is dominated with analogous structures to the ones shown here57 – 
chemists did not fully understand how to control the coordination environments in order to 
prevent polymerisation.57 
Nowadays, there are several methods which can be employed in order to inhibit polymerisation 
and bias the chemical system towards producing discrete clusters (as in Figure 1.32) or even 
monometallic metal phosphonates. By carefully controlling the solvent system and 
incorporating secondary ligands (in this case pyridine and benzoic acid), a distinction between 
forming polymeric species and forming discrete clusters can be achieved. Controlling this 
distinction is important, since polymeric phosphonate species such as the aforementioned NaLa 
phosphonate 4 and the Sn(IV) phenylphosphonate excel at absorptions / separations and 
catalysis. The presence of pores in their lattices allows for a high frequency of guest-host 
interactions which are necessary for these processes to occur. Consequently, if one intends to 
prepare an SMM with a phosphonic acid then this requires the formation of discrete 







1.4 Controlling the Morphology/Topology of Metal Phosphonates 
As we have seen in Section 1.3, the early days of metal phosphonate chemistry contained almost 
exclusively layered polymeric structures incorporating simple phosphonic acids such as 
phenylphosphonic acid. As this field of chemistry developed, it became possible to modify the 
experimental conditions in order to prevent polymerisation. While the formation of polymeric 
phosphonate species would almost certainly (and indeed does) find many applications as we 
have seen in Section 1.2, forming discrete clusters makes it amenable to study these species by 
other analytical techniques. The polymers are usually insoluble and non-crystalline, which 
prevents most conventional methods of analytical chemistry (solution-based NMR, UV-vis 
absorption/emission, single crystal X-ray diffraction) from applying. As a fitting testament to 
this, if one considers the aforementioned zirconium phenylphosphonate, it took 15 years from 
when it was first prepared to unambiguously assign its structure. Before this time, the structure 
could only be inferred to be similar to zirconium phosphate, whose structure was known. 
There are three main methods67 which can be employed (either individually or in tandem) to 
disfavour the formation of polymers and favour the formation of discrete clusters or monomeric 
phosphonates, or vice versa. 
1.4.1 Employing Phosphonic Acids with Steric Encumbrance 
An inherent feature of early metal phosphonates that quickly becomes apparent is that the 
phosphonic acid precursors used often contained small and unhindered R groups such as 
methyl-, ethyl-, or as we have seen, phenylphosphonic acid. However, if the steric bulk of the 
organic group bound to the phosphonic acid moiety is increased, the vacant coordination sites 
of metals which would otherwise accommodate another phosphonic acid (and thus lead to 
polymerisation) start to become blocked. This has the effect of only allowing a metal to bind to 
usually one or two phosphonic acids before its inner sphere of coordination becomes 
completely obstructed, and, unless the metal forms small clusters via bridging phosphonates, 
no further coordination occurs. The result is a discrete complex or cluster which is now, more 
often than not, soluble in a variety of solvents and possible to crystallise.67a,67b 
In 2007, Winpenny et al. synthesised tetrametallic Mn4, Co4 and Cu4 clusters of the form 
[M4(O)(Ph3CPO3)4Py4] (M = Mn, Co, Cu) using the aforementioned bulky tritylphosphonic acid 10 
(Figure 1.40) in the presence of pyridine.68 Here, the trityl groups were postulated to discourage 
unwanted polymerisation, and this indeed was the case. Figure 1.24 illustrates the Mn4 core of 

















The Mn4, Co4 and Cu4 cages are all isostructural with one another, and in each case, all contain 
four tritylphosphonate ligands bound in a [3.111] fashion. 
1.4.2 Co-Ligand or Ancillary-Ligand Method 
This method was first reported by Chandrasekhar and co-workers67c and, in principle, functions 
in a similar manner as the bulky phosphonic acid method, with the primary aim of blocking 
vacant coordination sites on the metal. In this instance however, a secondary, or even a 
secondary and tertiary ligand (often called the co-ligand or ancillary ligand) is used to achieve 
this function. The phosphonic acid itself can either be bulky or relatively unencumbered. 
Frequently used co-ligands in metal phosphonate chemistry include pyridine,69 pyrazoles,70 
bipyridines71 and carboxylic acids.72 
We have already seen this method employed in 28 (Figure 1.24), which used pyridine as the co-
ligand. Also, in the previous sections, 22 used 6-chloro-2-hydroxypyridine and 1-
naphthalenecarboxylic acid as the primary and secondary co-ligands (Figure 1.16) while 25 used 
pyridine and benzoic acid (Figure 1.21). 
Figure 1.24 Inset: Structure of tritylphosphonic acid 10. Right: Structure of [Mn4(O)(Ph3CPO3)4Py4] core 28 with trityl 







1.4.3 Hydrothermal/Solvothermal Method 
One important procedure used to favour the formation of polymeric metal phosphonates that 
shall be discussed here is that which uses hydrothermal or solvothermal synthesis. Although in 
the literature both of these words are used interchangeably, there is technically a difference. 
Hydrothermal refers to the synthesis being performed in aqueous solvents (since “hydro” means 
water), while solvothermal implies an organic-based solvent is used in the synthesis. Figure 1.25 
illustrates a typical autoclave which has been fully disassembled. 
 
A typical procedure would involve adding the precursor compounds (the metal salt, the 
phosphonic acid and if desired, a co-ligand) with a small amount of solvent to a PTFE-lined vessel 
– often called the “liner” (b), and sealing the contents with a PTFE lid. The liner is then placed 
inside a stainless-steel autoclave (d), and on top is placed an expanding cap (c) and sealing cap 
(a). The expanding cap contains a recess where a spring can fit between this and the sealing cap. 
If any gases are generated in the reaction, they will force the spring to contract which allows the 
PTFE liner to expand in volume slightly to accommodate. This is a safety feature which prevents 
any potential build-up of pressurised gases from rupturing the autoclave during heating. Finally, 
the lid of the autoclave (e) is screwed on to the vessel by hand. If desired, a locking rod can be 
inserted into the hole in the lid and used to tighten the vessel further by providing torque. The 
vessel is then placed inside an oven reactor and heated for the desired period of time. 
Because they are being heated in a sealed and pressurised compartment (at 160 °C with the 
liner filled to roughly a third of its capacity the pressure would be around 5 bar73), the reaction 
contents can be heated to a significantly higher temperature than they would otherwise 
normally be, since the solvent cannot boil off. After a set period of time (typically greater than 
Figure 1.25 Left: Disassembled hydrothermal / solvothermal autoclave which will be used in this project. Right: 










24 h) of heating (at typically 100 – 200 °C) the vessel is cooled at an exceedingly slow rate. This 
should have the effect of causing the newly formed compound to slowly precipitate out of 
solution, which in theory, leads to the formation of crystals. Because the cooling required is 
significantly slower than if the oven were to be simply switched off, the ovens used typically 
contain a programmable thermostat which allows for precise control of the rate of cooling and 
heating.73 A typical procedure might involve a ramp (increase) in temperature from ambient 
(around 20 °C) to 160 °C at a rate of 5 °C / min. The ramp up temperature can be relatively fast 
– only the ramp down (cooling) must be slow. This would be followed by holding the 
temperature at 160 °C for 72 hours (three days) before ramping down the temperature by 0.1 
°C / min back to ambient. The oven could then be switched off and the contents of the autoclave 
inspected. 
Hydrothermal syntheses typically produce polymeric species, especially in the case of metal 
phosphonates. An example of such a species prepared in this manner would be the uranyl 
phosphonate [(UO2)3(MPDP)2] 30 (MPDPH4 = (5-methyl-1,3-phenylene)bis(phosphonic acid) 29) 








A somewhat exotic reaction by virtue of the limited availability of uranium compounds, uranyl 
phosphonates are generally prepared from either the parent uranyl acetate or uranyl nitrate,75 
and, in the interests of safety for the chemist performing the reactions, contain only depleted 
uranium i.e. the 238U isotope. While safer than its enriched 235U counterpart, depleted uranium 
salts still carry health risks associated with being a heavy metal. They tend to accumulate in the 
kidneys.76 In 30, each uranyl (UO22+) ion binds to four oxygens and thus exists in an octahedral 
arrangement. Each phosphonate binds in a [3.111] manner, although if the entire ligand is 
Figure 1.26 Inset: Structure of 5-methyl-1,3-phenylene)bis(phosphonic acid), MPDPH4 29.74 Right: 






considered then the configuration would be [5.11211]. There is no rule in Harris notation as to 
whether just the phosphonate moiety should be considered, or the entire ligand if, say, it 
contains more than one phosphonate functionality as is the case with 30. The only important 
fact is that the binding moiety is clearly specified in the Harris notation. In this thesis, it is 
preferred that the phosphonates be treated individually, and thus the [3.111] convention is 
preferred in order to describe the binding of 30, since the latter method can quickly cause the 
Harris notation to become unwieldy. 
 
 
In Figure 1.27 a polyhedra style was chosen. Polyhedra are a useful tool for representing the 
coordination environment of the metals and the phosphonates in a macro-structure. In this 
example, it can be seen that the uranyl moieties exist in an octahedral state, since the polyhedra 
are octahedra. Moreover, it allows for the quick determination which areas are the alkyl or aryl 
backbone, and which are the phosphonate. 
The disadvantages of hydrothermal synthesis include being unable to monitor the growth of 
crystals (if any) until the autoclave has completely cooled to room temperature, and the inability 
to add any additional reagents to the mixture during heating. Nevertheless, the hydrothermal 
method remains a critical tool in the assembly of metal phosphonates – its use can allow for the 
access to motifs which would otherwise be impossible to achieve under ambient conditions, or 
by conventional heating.73 
  
Figure 1.27 Left: Structure of [(UO2)3(MPDP)2] 30 in the solid-state, as viewed down the b-axis of the crystal 







1.5 Scope of Work 
1.5.1 An Atropisomeric, Sterically Encumbered Phosphonic Acid 
The chiral phosphonic acid ligand chosen for this work is (S)-[1,1’-Binaphthalen]-2-ylphosphonic 
acid, (S)-bpa, which is derived from the commercially available (R)-1,1’-Bi-2-naphthol, or (R)-
binol in shorthand (Figure 1.29).77 Binol and (S)-bpa exhibit a type of chirality known as 
atropisomerism. Unlike the more common cause of chirality – the presence of a stereocentre – 
atropisomerism is the result of a stereoaxis. The spatial arrangement of substituents on either 
side of this axis coupled with restricted rotation about the C-C bond results in two non-
superimposable mirror images, giving rise to chirality.78 Figure 1.28 illustrates how absolute 
configuration can be interpreted from the intermediates (R)-31 and (S)-32 (see Figure 1.30). 
To assign the absolute configuration to each compound, the Cahn-Ingold-Prelog priority rules 
are invoked.66 These rules consider the atomic number of the atoms concerned and accordingly 
give priority to the higher atomic number, which in turn will result in an (R)- or (S)- configuration 
depending on whether going from highest to lowest priority results in a clockwise or anti-
clockwise motion (Figure 1.50). 
 
In this case, looking down the stereoaxis (broad arrow), the group with the highest priority is 
the triflate group (both contain oxygen and so the next atom is inspected, and sulfur has a higher 
atomic number than hydrogen). This is assigned the top position, 1 in the Newman projection. 
The group with the subordinate priority on this ring is carbon 9 so this is assigned to position 2 
(Figure 1.50). Moving down to the bottom naphthyl ring, the group with the highest priority in 
this assignment is the hydroxyl group on C2’, so this is assigned as position 3. This carbon 9’, to 
be assigned the last-most position, 4.  
 
Figure 1.28 Structure of (R)-31 and (S)-32 with their respective Newman projections. The Newman projection is 
necessary in order to derive the absolute configuration and thus explain the change of (R) to (S) in the first step 





Finally, with consideration being given to the relative positions of the groups assigned to 2 and 
3, the direction of motion from 2 → 3 is examined. If this follows a clockwise motion, the 
molecule is assigned the (R)- configuration – as is the case with (R)-31. Consequently, the change 
in priority resulting from the substitution of OH for H in (S)-32 leads to the change in absolute 
configuration to (S), because the hydrogen attached to C2’ is of lower priority than C9’. 
1.5.2 Rationalising the Choice of Ligand 
Previously, the Higham group demonstrated how (R)-binol could be converted into the first air-
stable, chiral primary phosphine,79 which could then be functionalised by a variety of methods.80 







Preliminary studies on (S)-bpa by previous members of the Higham group indicated that this 
ligand was ideally suited for the synthesis of chiral metal phosphonates.81 It is a completely air-
stable, free-flowing powder which is soluble in a wide range of organic solvents (although it is 
not water-soluble). More importantly, the steric bulk provided by the binaphthyl rings limits the 
aforementioned unwanted oligomerisation – a property not shared by the phenylphosphonic 
acid derivatives. Furthermore, the synthetic route to (S)-bpa is achievable in five high-yielding 












It is prudent to ask why we should go to the trouble of synthesising an optically pure enantiomer 
of bpa when racemic binol is a significantly cheaper starting compound.77 The reason is two-fold 
– first, and most importantly, it is clear that the nature of the phosphonic acid determines the 
nature of the metal phosphonate structure. By starting with an optically pure precursor and 
comparing them to the racemic analogues, the effect of enantiocontrol on the resultant 
structure will be able to be determined, much in the same way that enantiopure amino acids 
help to determine protein structure.82 
Secondly, as discussed, one important application of TM phosphonates is in oxidative catalysis. 




Figure 1.30 Original Higham group synthesis of (S)-bpa starting from (R)-binol. The phosphonate intermediate (S)-34 





1.5.3 Methods of Analysis 
The characterisation of the (S)-bpa ligand as well as the intermediate compounds will be 
performed by 1H, 13C and 31P and 19F NMR spectroscopy, infrared spectroscopy and high-
resolution mass spectrometry. If possible, suitable crystals of (S)-bpa will be grown in order for 
the structure to be characterised by single-crystal X-ray diffraction. The optical purity of each 
intermediate and (S)-bpa will be ascertained by optical rotation analysis. 
Characterisation of the metal phosphonates will primarily involve single-crystal X-ray diffraction 
to unambiguously assign a structure – hence the importance of growing single crystals of 
sufficient quality. Since most of these clusters will be paramagnetic, they will be unsuitable for 
NMR spectroscopy due to the likely line broadening.14 In these instances, Electron Paramagnetic 
Resonance (EPR) spectroscopy will be employed. However, there will be a number of d0 and f0 
metal phosphonates which will be prepared. Since these species will contain no unpaired 
electrons, NMR spectroscopy will be used here. In conclusion, this project aims to: 
• Synthesise the novel chiral phosphonic acid ligand, (S)-[1,1’-Binaphthalen]-2-
ylphosphonic acid, (S)-bpa, on a multi-gram scale. 
• Attempt to coordinate (S)-bpa onto a variety of first-row transition metals and 
lanthanide hydrate salts. 
• Attempt a range of crystallisation techniques such as slow evaporation, layering 
and the hydrothermal method, in order to obtain chiral crystals of M-(S)-bpa 
clusters (M = transition metal / lanthanide). If successful, this will be extended to 
second- and third-row TMs and main-group elements. 
• Successfully characterise any novel complexes or clusters using a combination of X-
ray Crystallography, Elemental Analysis, High-Resolution Mass Spectrometry and 
Infrared Spectroscopy. 
• Investigate any potentially interesting magnetic properties of M-(S)-bpa 
complexes, where appropriate, using Electron Paramagnetic Resonance (EPR) 
Spectroscopy and variable-temperature Magnetic Susceptibility analysis (to 
determine any SMM-like behaviour). 
• Investigate any potential catalytic activity in allylic and benzylic oxidations of TM-
(S)-bpa complexes and compare their performances to that of commercially 
available phosphonates. 






Chapter 2 – Control over 0-D, 1-D and 2-D Morphology / 
Topology – Dictating the Structure and Properties of Chiral 
Cobalt Phosphonates 
2.1 Ligand Synthesis 
This chapter outlines the synthesis of three new cobalt phosphonates, each possessing vastly 
different morphologies. Furthermore, a mixed Co3Sc3 cluster has been successfully prepared. 
However, before we delve into this, it would behove us to first discuss the synthesis of the 
ligand. As mentioned in the previous chapter, the ligand can be prepared in five steps. These 
will be described in detail in the subsequent sections. 
2.1.1 Preparation of (R)-31 
The first step of the ligand synthesis required mono-triflation of (R)-binol. It was found that by 
adding only one equivalent of triflic anhydride, and by slowly introducing it into a vigorously 
stirred dilute solution of (R)-binol, the mono-triflated product, (R)-31 was almost exclusively 
made, with a small amount of bis-triflated by-product. The reaction proceeded in excellent yield 
(92%) and required only an aqueous work-up. A single peak at –74.4 ppm in the 19F NMR 
spectrum confirmed the presence of (R)-31, as well as a significantly smaller peak at –78.3 ppm, 
which was attributed to the bis-triflated side product. 
In the preparation described by the Higham group, it was reported that (R)-31 – which exists as 
an oil in ambient conditions – was used without further purification. However, it was found that 
the oil still contained a noticeable amount of the bis-triflated impurity. We therefore set about 
trying to crystallise it, and since triethylamine is employed in the subsequent hydrogenation 
step, crystallising it as its triethylamine salt seemed logical. Thus, by dissolving (R)-31 in 
dichloromethane and adding excess triethylamine, yellow crystals of [HNEt3]+(R)-31– formed 
after 24 h. These were carefully washed with cold acetone and dried. The stable, free-flowing 
powder proved to be significantly easier to handle and store. Moreover, 1H and 19F NMR 
spectroscopy indicated the small amount of bis-triflated side product was no longer present – 
presumably it was still in the filtrate after failing to crystallise. Figure 2.1 illustrates the process 







2.1.2 Preparation of (S)-32 
The second step involved the hydrogenation of (R)-31 in a steel autoclave to afford (S)-32. In the 
original synthesis published by the Higham group, this hydrogenation required stirring at 48 
hours and 5 bar of pressure.79 However, it was found that by increasing the pressure to 7 bar, 
complete conversion of (R)-31 was achieved in 24 hours. After filtration (to remove the Pd/C 
residues) and aqueous work-up, a white-yellow solid was obtained in excellent yield (80%). 1H 
NMR spectroscopy indicated the product was sufficiently pure to react in the next step. 
We wished to investigate whether this step could be performed without the use of hydrogen, 
due to the risks and inconveniences that are associated with such a reagent. A search of the 
literature revealed that a myriad of syntheses for the reductive cleavage of an aryl triflate 
existed. One particular method described by Sajiki and co-workers involved the use of palladium 
on carbon, elemental magnesium and ammonium acetate to achieve the reduction. The 
hydrogen which would replace the triflate group on the aryl ring was provided by methanol, 
which was the solvent used.83 Furthermore, the reduction was shown to proceed to completion 
in ambient temperatures for a range of aryl triflate substrates. The reaction times themselves 
were also very short – most reductions were complete after one hour. 
Thus, [HNEt3]+(R)-31– was converted back to its pure form by treatment with water and aqueous 
1M HCl, before being dried under vacuum to yield a white-yellow solid of the pure (R)-31. It was 
believed that this was necessary, since the authors specifically stated triethylamine suppressed 
the yields of the reaction. Since this reaction had never before been tested on a substrate like 
(R)-31, we established a screening to investigate which conditions led to the most optimal yields.  
Figure 2.1 Reaction of (R)-binol with trifluoromethanesulfonic anhydride to form (R)-31 and the bis-triflated 






The results are summarised in Table 5. 
Entry Temperature / 
°C 









1 20 2 No Reagenta Salt 20 
2 65 2 No Anhydrousb Pure 25 
3 20 24 No Anhydrousb Pure 10 
4 65 24 Yes Reagenta Pure 25 
5 65 24 Yes Anhydrousb Pure 40 
6 65 48 Yes Anhydrousb Pure 65 
7 65 72 Yes Reagenta Pure 50 
8 65 72 Yes Anhydrousb Pure 85 
 
Unfortunately, we were unable to achieve satisfactory yields at ambient temperatures and short 
reaction times (Entries 1 and 3). The optimum conditions were determined to be running the 
reaction at reflux for 72 hours using anhydrous methanol and one equivalent of NH4OAc additive 
(Entry 8). While this method of reduction did not completely supersede hydrogenation, it did 
provide a useful alternative whenever hydrogen gas was unavailable, and thus, both methods 
were used in tandem whenever possible.  
2.1.3 Preparation of (S)-33 and (S)-34 
Subsequent triflation was performed on (S)-32 to afford (S)-33 in good yield (80%). Again, after 
aqueous work-up, the pale orange powder could be reacted directly in the phosphonylation 
step. This step involved a palladium-catalysed substitution of the triflate moiety for a diethyl 
phosphonate. It was soon realised that this reaction suffered from a loss of yield if scaled up (at 
substrate masses exceeding ca. 3 g). Therefore, the triflate was separated into several batches 
and reacted separately before being combined in the work-up phase. An unfortunate side-
product in this reaction was the unsubstituted 1,1’-binaphthalene, as ascertained by 1H NMR 
spectroscopy. The crude product was therefore purified by column chromatography to yield 
colourless crystals of (S)-34 (65% yield). A single peak at 17.9 ppm in the {1H}31P NMR spectrum 
confirmed the presence of (S)-34. Also present was a small peak at 7.4 ppm which was attributed 
to residual diethyl phosphite. This was removed by heating (S)-34 under vacuum at 50 °C for 3 
hours. 
Table 5 Results of the screening for the reduction of (R)-31 to (S)-32. a = 99% grade; b = 99.9% anhydrous grade; c = 





2.1.4 Preparation of (S)-bpa 
The final step involved conversion of the phosphonate ester into the corresponding phosphonic 
acid. This was achieved by reaction of (S)-34 with bromotrimethylsilane to form a silyl ether 
intermediate. Subsequent hydrolysis afforded (S)-bpa in a quantitative yield. We initially 
performed the hydrolysis of the phosphonate ester with concentrated HCl; however, it soon 
became apparent that this method led to incomplete hydrolysis and cumbersome work-ups. We 
therefore opted for a rather esoteric approach for the hydrolysis – that is, the use of 
bromotrimethylsilane, first described by McKenna.84 The mechanism for the ester cleavage is 
provided in Figure 2.2. To our delight, this reagent afforded clean and quantitate cleavage of 
the phosphonate ester with a simple work-up. {1H}31P NMR spectroscopy indicated a change in 
chemical shift from 17.9 ppm to 12.9 ppm, which confirmed successful hydrolysis had occurred. 
Crystals suitable for single-crystal X-ray diffraction were grown from the slow evaporation of a 
dichloromethane solution. The X-ray crystal structure of (S)-bpa is shown in Figure 2.2. 
 
(S)-bpa exists as a fine, free-flowing powder that is soluble in all organic solvents, but not water. 
This former attribute was advantageous when performing crystallisations, since it allowed us to 
perform screenings in a wide range of solvents without fear of their incompatibility with the 
ligand. The presence of water in the asymmetric unit of the crystal structure (Figure 2.3) was 
expected, as the strongly polar phosphonate group forms strong hydrogen bonds, and water 
was used in excess in the ligand’s work-up. 
Figure 2.2 Mechanism for the double silylation of (S)-34 followed by hydrolysis with methanol. Since the toxic 







2.2 [Co(OAc)2(Py)2(H2O)2], 36 Synthesis and Characterisation 
We first turned to cobalt as the transition metal with which to perform coordination reactions 
with (S)-bpa. There were a multitude of reasons for choosing cobalt as the first metal to study 
– one is the simple fact that Co(II) salts such as the acetate or nitrate are commercially cheap. 
Therefore, a large number of coordination reactions could be conducted with emphasis on 
optimising the metal to ligand ratio, or solvent choices, in order to grow the highest quality 
crystals without the need to worry about wasting copious amounts of metal salt precursor. As 
to why we did not investigate Co(III) salts, few are commercially available due to their 
intrinsically high reduction potential. Consider the half-cell equation; Co(III) + e– → Co(II), E = 
+1.92 V (c.f. chlorine to chloride, E = +1.36 V, meaning chloride would reduce Co(III) to Co(II)). 
Fluoride is one of the few simple anions capable of stabilising Co(III).85 
The main reason for choosing cobalt was down to the actual chemistry of the Co(II) ion. 
Octahedrally-coordinated Co(II) possesses the 4T1g ground state, which, due to spin-orbit 
coupling (the interaction between a particle’s spin and its motion),86 is magnetically highly 
anisotropic.87 Since anisotropy is a highly desired characteristic in the search for new SMMs, we 
reasoned that attempting to prepare octahedrally-coordinated Co(II)-(S)-bpa complexes would 
be a solid foundation with which to start. Pyridine was chosen as a base since it not only assists 
in solubilising (S)-bpa, but also acts as a co-ligand – preventing any unwanted polymerisation. 
To this end, pyridine has been used to great effect in the literature.62,68 
 
Figure 2.3 Structure of an (S)-bpa dimer in the crystal, with a bound molecule of water. Selected bond 
lengths and angles; C2-P1, 1.800 Å; P1-O1, 1.544 Å; P1-O2, 1.548 Å; P1-O3, 1.495 Å; O3...H5, 1.844 Å; 





Therefore, a methanol-acetonitrile (1:1) solution of cobalt acetate tetrahydrate and a pyridine 
solution of (S)-bpa were mixed together and stirred for five minutes before being left in air. 
After two days, large pink rhombohedral crystals had formed (Figure 2.4), which at this point 
were assumed to be a Co(II) complex of (S)-bpa. However, single-crystal X-ray diffraction 
indicated that these crystals were not of the desired aforementioned complex, but rather the 
complex [Co(OAc)2(Py)2(H2O)2] 36, which had previously been reported by Williams and co-
workers.88 Figure 2.4 shows 36 in the crystal.  
36 can best be described as a centrosymmetric diaceto diaqua dipyridine octahedral high-spin 
Co(II) complex crystallising in the Pcba space group and possessing the Ci point group. Each of 
the ligand pairs occupy a coordination position trans to each other. The Co-OAc bond lengths 
are shorter (2.076(2) Å) when compared to the Co-N (2.159(3) Å) and Co-OH2 (2.121(2) Å) bond 
lengths. Intramolecular hydrogen bonding occurs between the hydrogens of the aqua ligands 
and the acetate oxygens, forming a pseudo six-membered ring. There is virtually no distortion 
in the axial Co-N1 and Co-N2 bond lengths which indicates 36 is a high-spin Co(II) complex, due 
to weak Jahn-Teller effects.89 The H1...O6 and H2...O5 hydrogen bond lengths are both 1.833(0) 
Å. The N1-Co-O1, N1-Co-O3 and O1-Co-O3 bond angles all fall with the narrow range of 88.78(8) 
– 92.69(10)°. Intermolecular hydrogen bonding is present in the acetate and aqua ligands of 
neighbouring molecules of 36, creating sheets that extended infinitely down the b-axis (Figure 
2.5).  
Figure 2.4 Left: Structure of 36 in the crystal. Due to the spatial orientation of the aqua ligands, the only 
symmetry present in 36 is the inversion centre at Co1. Right: Physical form of 36, as viewed under a standard 







36 appears to be a somewhat unassuming complex that already exists in the literature and 
whose inclusion into this thesis seems somewhat redundant. However, when a dried and 
triturated sample was sent to the National EPR Facility and Service at the University of 
Manchester, variable temperature ac magnetic susceptibility studies indicated that 36 exhibited 
slow magnetic relaxation – a property unknown in the original paper it was published in. We 
have since published these findings.90 
The magnetic susceptibility plot of χMT(T) for 36 is shown in Figure 2.6. Applying the spin-only 
formula here is inadequate, since the form of the trace (red line) is typical for a monometallic 
Co(II) species influenced by an orbital contribution to its magnetic moment. Moreover, the room 
temperature χMT value was found to be 3.04 cm3 K mol-1, which is significantly higher than the 
calculated spin-only value (1.875 cm3 K mol-1) for an S = 3/2 ion with g = 2, although is within 
the range expected for octahedral Co(II) complexes.91 As the temperature was decreased, the 
χMT fell to 1.44 cm3 K mol-1 at 2 K. Ac susceptibility measurements were then performed on a 
powder sample of 36. It was observed that the range of the field strength at which 36 exhibited 
frequency dependence of the out‐of‐phase component was between 0 and 5000 Oe at 1.8 K. A 
peak in the out‐of‐phase (imaginary) susceptibility manifested under applied external fields and 
Figure 2.5 Packing diagram of 36 as seen down the b-axis. The molecules adopt a Herringbone-type arrangement 







reached a maximum shift to low frequencies for 1500 Oe, which was considered as the optimal 
field strength in which slow magnetic relaxation could be observed for 36 (Figure 2.7). 
 
  
Figure 2.6 Main: Variable temperature magnetic susceptibility plot of 36 measured under a static field of 0.1 T. 
Inset: Field-dependent magnetisation at 2 and 4 K. The red traces are simulations.90 
Figure 2.7 Frequency-dependence of the imaginary ac susceptibility of 36 measured under several applied fields 
at 1.8 K. The solid lines are guides for the eye. The trace marked with a red star (1500 Oe) was determined as 





Further to this, additional ac susceptibility measurements were conducted at this field strength 












The relaxation times were modelled with ab initio techniques in order to determine the 
mechanism (or mechanisms) of magnetic relaxation. The model returned a calculated Ueff of 25 
cm-1 (36 K). However, when this value was compared to experimental data at high temperatures 
(5 – 10 K), there was a large discrepancy in the energy separations of the ground and excited 
states. While the model assumed a separation of 25 cm-1, the experimental separation which 
was derived from Figure 2.8 returned a calculated energy gap of ~264 cm-1, which implies a two-
phonon Raman relaxation. A phonon is a quantum of mechanical or vibrational energy (much 
like how a photon is a quantum of light or electromagnetic energy), while a two-phonon Raman 
process refers to 36 relaxing slowly by emitting phonons through the crystal lattice. Assigning 
the mechanism of relaxation at low temperatures was significantly easier – at low temperatures 
(< 5 K), Figure 2.8 shows magnetic susceptibilities that vary according to the frequency of the 
applied field, with high temperatures almost completely quenching this process. This indicates 
that at low temperatures, 36 relaxes via quantum-tunnelling of magnetisation (QTM). 
Figure 2.8 Frequency dependence of the ac susceptibilities of 36 measured under a static field of 1500 Oe 





Furthermore, the low-temperature (< 20 K) solid-state EPR spectrum of 36 was ran (Figure 2.9) 
and confirmed that the electronic structure of the complex was rhombic i.e. its g-values (gx, gy 
and gz) are all unequal due to the Ci symmetry of the molecule. As previously mentioned, 
contributions by the orbital angular momentum to the total spin means that consideration of 
only the spin-angular momentum of Co(II) as S = 3/2 is wholly inadequate. This manifests itself 
as a significantly more complicated EPR spectrum – the analysis of which is beyond the scope of 
this thesis. As such, it will not be discussed further here. What can be seen, however, are the 
individual g-values (shown in Figure 2.9) and the corresponding easy-, intermediate- and hard-
axes for 36 derived from these values. The experimental g-values compare well with the 
simulated g-values (Table 6). These were obtained by modelling 36 as an effective S = 1/2 spin-










In conclusion, 36 exhibits slow relaxation but not in a process that is comparable to how an SMM 
slowly relaxes i.e. with a measurable effective barrier to reversal of magnetisation (Ueff). Rather, 
36 relaxes by two different methods, depending on the temperature. At high temperature, slow 
relaxation by a two-phonon Raman process dominates, while at low temperatures, it occurs via 
quantum tunnelling of magnetisation (QTM). Thus, by definition 36 is not an SMM. It is however, 
an excellent example of a pseudo-octahedral Co(II) complex with a rhombic electronic structure 





gx 2.17 2.39 
gy 3.45 3.28 




Figure 2.9 Left: Powder EPR spectrum of 36 (X-band) performed at 5 K. The red line is the simulated EPR spectrum. 
The three g-values are labelled onto the real spectrum (black line). Right: Structure of 36 with derived easy- (blue, gz), 





2.3 [Co((S)-bpa)2(Py)4], (S)-37 Synthesis and Characterisation 
While the unexpected synthesis and discovery of the slow magnetic relaxation in 36 was indeed 
an interesting endeavour, we were eager to prepare Co(II) complexes that would contain (S)-
bpa. We opted for the continual use of pyridine as the base since crystallisation screenings 
indicated it not only helped solubilise the metal salts and ligand better than other bases such as 
hydroxide, but also did not crystallise as the protonated salt like other nitrogen-containing bases 
normally do, such as triethylamine. This led to fewer unwanted by-products crystallising as the 
mother liquor evaporated. 
However, it was evident that certain reaction conditions would have to be modified to favour 
the formation of a Co-(S)-bpa complex over 36. To this end, we focused on changing two factors 
– the solvent system, and the method of which the metal salt and ligand were allowed to 
interact. To prepare 36, methanol and acetonitrile were employed as the primary solvents, and 
it was noted that the stirred solution was not completely clear – that is to say not all substituents 
were fully dissolved. Therefore, to ensure full dissolution, a small amount of distilled water 
would be added to the solvent mixture. 
Next, the method of mixing the substituents was addressed. In the case of 36, the cobalt(II) 
acetate and (S)-bpa were added together and stirred in solution for 24 hours before being left 
to evaporate. A literature search revealed that in some cases, layering two solvents could prove 
fruitful, such as when Winpenny and co-workers prepared a Co(II) phosphonate cage by layering 
hexane onto an acetonitrile solution of the cobalt phenylphosphonate,92 or when Zheng and co-
workers prepared mixed Mn(II)/Mn(III) clusters by layering diethyl ether onto a pyridine solution 
of the manganese cyclohexylphosphonate.72a An optimal solvent system and layering technique 
was established after a myriad of screenings (see Appendix). These screenings involved 
dissolving both species first in ethanol and then acetonitrile, and then combinations of the two. 
A small amount of water was added later to assist the dissolution of the metal salt hydrate. The 
cobalt(II) acetate was dissolved in a mixture of three solvents – water, ethanol and acetonitrile, 
while the ligand was dissolved in pyridine. The solutions were stirred in separate vials for five 
minutes to achieve full dissolution, before the vial containing (S)-bpa dissolved in pyridine was 
loaded into a syringe and carefully layered on top of the cobalt acetate solution. Upon 
completion of the layering, Parafilm was placed over the vial and three holes were perforated 
into the film so that slow evaporation – and in theory, better quality crystals – could be obtained. 






After sitting for 24 hours, colourless parallelepipedal crystals were observed in the solution. 
Single-crystal X-ray diffraction revealed them to be a Co(II) complex which contained two trans- 
molecules of (S)-bpa and four equatorial pyridine ligands. Figure 2.11 shows the structure of 
[Co((S)-bpa)2(Py)4], (S)-37 in the solid-state. 
  
Figure 2.10 Schematic of the layering process used to prepare (S)-37. A solution of (S)-bpa in pyridine 1 is drawn 
up into a syringe 2 before being carefully layered on top of a solution of Co(OAc)2•4H2O in H2O / EtOH / MeCN 
3. After completion of the layering, Parafilm is placed over the top of the vial and three holes are made 4. After 
ca. 24 hours, crystals of (S)-37 can be observed, 5. 






(S)-37 crystallises in the monoclinic space group P21 and, being chiral by virtue of the (S)-bpa 
ligands, possesses the C1 point group. Like 36, it is an axially-distorted octahedral Co(II) complex, 
with bond angles falling within the ranges of 86.58(13)° (N2-Co1-N3) to 94.66(13)° (N1-Co1-N2). 
The complex contains four pyridine ligands occupying the equatorial position and two axially-
bound molecules of (S)-bpa which bind in a monodentate fashion via the oxygen atoms on the 
phosphonate. This therefore leaves the phosphonate ligand itself mono-deprotonated in order 
to balance the charges (+2 from the Co(II) and (–1 x 2) from each phosphonate ligand). The Co1-
O1 and Co1-O4 bond lengths are 2.030(3) and 2.029(3) Å respectively, while the Co1-N1, Co1-
N2, Co1-N3 and Co1-N4 bond lengths are 2.183(3), 2.235(4), 2.170(3) and 2.240(3) Å 
respectively. The P1-C2 and P2-C12 bond lengths are 1.815(4) and 1.817(4) Å respectively. These 
values are consistent with previously reported monometallic cobalt phosphonates.93 
The packing diagram of (S)-37 is shown in Figure 2.12. It can be seen that intermolecular 
hydrogen bonding forms between the two layers – specifically between the phosphonate 
hydrogen that is not deprotonated and the unbound phosphonate oxygen from an opposing 












2.4 Higher-Order Co-(S)-bpa Phosphonates 
The successful formation of the mononuclear Co(II) phosphonate in (S)-37 under ambient 
conditions gave rise to the question as to whether higher-order cobalt phosphonates could be 
prepared, if the reaction conditions were altered. Indeed, as we have seen in Chapter 1, the 
hydrothermal method has been used to great effect – producing a plethora of layered, pillared 
and other higher dimensionality phosphonates. Thus, (S)-bpa and a cobalt(II) source were 
reacted with various co-ligands, bases and solvents. The temperatures and reaction times 
chosen were 160 °C and 72 hours respectively, with a cooling rate of 0.1 °C / min upon 
completion of the 72 hours of heating. The temperature was believed to be a good compromise 
of effective heating over ligand degradation – enough to allow for the formation of polymeric 
species, but not too high as to cause unwanted racemisation of the (S)-bpa. Furthermore, the 
duration of 72 hours (three days) was chosen in order to give the maximum possible time for 
the Co(II)-(S)-bpa polymers to form. It was also noted that 72 hours was a popular choice for 
other chemists in the preparation of metal phosphonates in the literature.74,94 
2.4.1 One-Dimensional Co Polymeric Chain, (S)-38 
As a starting point, we first experimented with the hydrothermal route by reacting (S)-bpa with 
cobalt(II) acetate in the presence of pyridine (essentially the same reagents, equivalents and 
solvent system used to prepare (S)-37). Inspection of the Teflon liner revealed the presence of 
some crystals whose quality was too poor to refine the complete structure. However, one 
interesting caveat from what data could be acquired, was that pyridine was not incorporated 
into the structure – that is, the polymer contained only cobalt, oxygen and phosphonate ligands. 
Thus, after considerable experimentation with the equivalents, bases and solvent systems, we 
were able to isolate high quality crystals of (S)-38 (Figure 2.13). This was achieved by employing 
one equivalent of (S)-bpa and one equivalent of cobalt(II) nitrate hexahydrate (the acetate form 
did not produce crystals of high quality). Furthermore, two equivalents of sodium hydroxide 
were used as the base (which in theory would allow for the double deprotonation of the ligand) 


























(S)-38 crystallises in the monoclinic space group P21 and consists of a one-dimensional chain 
extending infinitely down the a-axis (Figure 2.33). The core is comprised of the cobalt 
phosphonate and is surrounded by a sheath of binaphthyl rings. There are a total of four 
different cobalt environments – two are four-coordinate, one is five-coordinate and another six-
coordinate.  
In order to confirm that all cobalt atoms still existed in the +2 oxidation state, we conducted 
BVS (Bond Valence Sum) analysis on all Co centres (see Appendix). This is an empirical method 
of calculating the oxidation states of metals by comparing the experimental bond lengths to 
donor atoms with tabulated bond lengths. While a useful tool, care should be taken when 
Figure 2.13 Top left: Structure of the asymmetric unit of (S)-38 in the crystal (hydrogen atoms on binaphthyls omitted). 











applying it in order to calculate oxidation states where delocalisation is present, or any situation 
where a localised electron density is not a satisfactory model.95 The calculations indicated all 
four cobalt atoms exist in the +2 oxidation state (see Appendix). The Harris notations for each 
of the four different phosphonate groups are as follows; P1 = [4.1112234], P2 = [4.21221314], P3 = 
[3.111213], P4 = [3.1222314]. Thus, P2 and P4 bind in a bidentate manner while P1 and P3 bind in 
a monodentate manner and bridge four and three Co atoms respectively. Co1 and Co4 contain 
bound aqua ligands which form intramolecular hydrogen bonds to adjacent phosphonate 
oxygens. Inspection of the five-coordinate cobalt atom Co1 reveals the following bond lengths; 
Co1-O1 2.007(4), Co1-O2 2.262(4), Co1-O3 2.020(4), Co1-O5 2.095(4) and Co1-O6 1.939(4) Å 
while inspection of the phosphorus atom P3 reveals the following bond lengths; P3-O6 1.512(4), 
P3-O7 1.519(4) and P3-O10 1.533(4) Å. The H1...O8 and H2...O10 hydrogen bond lengths are 
1.81(4) Å and 1.92(4) Å respectively. Comparison with previously reported Co(II) phosphonate 
polymers indicate a consistency in the bond lengths.1a,96 
2.4.2 Two-Dimensional Co-4,4’-Bipy Polymeric Sheet, (S)-42 
The successful preparation of (S)-38 was a promising result – it demonstrated (S)-bpa could form 
very different structures in both ambient and hydrothermal syntheses. Our attention then 
turned to whether this ligand would be able to be used in conjunction with a bridging ancillary 
ligand in order to prepare even higher dimensionality phosphonates than (S)-38. The use of 
linker molecules to generate complex architectures in hydrothermal synthesis is well-
established in the literature.97 These linkers are typically small organic compounds with a 
functionalisable group at two more positions on the molecule (in order to generate a repeat 
unit). Dicarboxylic acids,98 diamines,99 diazoles100 and bipyridyls101 are some examples of 
commonly used linkers. 
Owing to our success with pyridine, we turned to the most logical linker molecule, pyrazine 
(Figure 2.40). However, when pyrazine, (S)-bpa and Co(NO)3•6H2O were reacted under the same 
conditions and solvents as for (S)-38, it was found that (S)-38 was also produced in this instance. 
Even after considerable alterations to the equivalents, (S)-38 formed every time. Clearly 
pyrazine was merely deprotonating the ligand and was not incorporating itself into the 
structure. We postulated that sterically, the linker may have been too small to form these 
frameworks, since it would be competing for what little space there was with the already bulky 
binaphthyl rings of the ligand. Therefore, we substituted pyrazine for 4,4’-bipyridine – which 









When cobalt nitrate hexahydrate (1 mmol) and (S)-bpa (1 mmol) were reacted with 4,4’-
bipyridine (0.5 mmol) in the presence of ethanol (2 mL) and water (2 mL), blue acicular crystals 
formed after 72 hours. These were immediately differentiated from the crystals of (S)-38, as 
these crystals were darker and possessed a lustre which was not present in the aforementioned 
crystals of (S)-38. The crystal structure of (S)-42 was determined by single-crystal X-ray 











Upon close inspection, (S)-42 appears to be a layered structure crystallising in the triclinic space 
group P1. The macrostructure consists of two-dimensional sheets which extend infinitely 
parallel to the crystallographic [001] plane, while the cobalt phosphonate core is flanked by the 
binaphthyl groups in the [001] direction and the 4,4’-bipyridine groups in the [010] direction. 
(S)-42 differs to (S)-38 in that there is only one cobalt environment in the former – a tetrahedral 
Co(II) which is bound by three oxygen atoms from three separate phosphonate groups 
Figure 2.14 Structures of pyridine 39, pyrazine 40 and 4,4’-bipyridine 41. Pyridine exists as a liquid under ambient 
conditions while the latter two exist as crystalline solids. 
Figure 2.15 Left: Structure of the (S)-42 asymmetric unit with hydrogen atoms omitted. Right: View of (S)-42 down 







([3.111213] in Harris notation). The final coordination site is occupied by the nitrogen of the 4,4’-
bipyridine ligand. Figure 2.16 illustrates this, and also shows the ladder-like framework which 
separates the layers of 4,4’-bypyridine molecules (right). 
 
The Co-N bond lengths are 2.046(5)-2.066(5) Å, while the Co-O bond lengths were found to vary 
systematically depending on location; those in ladder rungs are 1.930(5)-1.949(5) Å, while those 
in ladder rails alternate along the chain in the two ranges 1.914(5)-1.917(5) and 1.934(5)-
1.954(5) Å. The P-O bond lengths are 1.503(5)-1.538(5) Å and the P-C bond lengths are 1.809(6)-
1.831(7) Å. Comparison of (S)-42 with previously reported Co(II) phosphonate polymers 
indicated a consistency in the bond lengths.71b,102 
One interesting phenomenon we observed was that each alternate 4,4’-bypridine group is 
twisted at an angle of around 90° relative to the a-axis, which we postulated was a physical 
manifestation of the scaffold trying to minimise steric repulsion that would arise if these groups 
were co-planar. This is in contrast to previously reported phosphonates in the literature in which 
the 4,4’-bipyridine linkers were found to be all co-planar.103 For the intermittent 4,4’-bypridine 
groups that are twisted, intramolecular hydrogen bonding arises between the ortho-hydrogen 
atoms of the 4,4’-bypridines and the oxygen atoms of the adjacent phosphonate groups. We 
were eager to see if this characteristic manifested itself in other cobalt phosphonates in the 
Figure 2.16 Left: Structure of (S)-42 down the c-axis with binaphthyls omitted. Right: The ladder-like cobalt 







literature, and a search revealed this effect occurred in one other cobalt phosphonate – a 
diphosphonate, N-cyclohexylaminomethanediphosphonic acid described by Zheng.104 
With regards to the phosphonate core in (S)-42, the structure consists of a ladder-like 
framework of fused 8-membered rings adopting a boat-chair conformation. The rings consist of 
two cobalt atoms, two phosphorus atoms and four oxygen atoms. While a Co-O-P 8-membered 
ring is a common motif in many metal phosphonates,105 to our knowledge this is the first 
occurrence of the Co-O-P ring forming a linear polymeric chain. The closest example is a layered 
fluoroaluminophosphate prepared by Xu et al.106 However, in their case, the Al-O-P ladder was 
not linear – instead it contorted to form larger macrocyclic pores. 
2.5 Preparation of (R)-37, (R)-38 and (R)-42 
In Chapter 1 we discussed briefly that when racemic bpa was employed, crystals failed to form 
for all crystallisations attempted. This was probably a consequence of the lack of 
stereoregularity in the binaphthyl rings, which would make crystalline packing difficult due to 
their bulk. However, we wished to demonstrate that if one were to start with (S)-binol in the 
synthesis, and therefore arrive at (R)-bpa, suitable crystals could still form, albeit with the 
opposite absolute configuration to the structures we have discussed hitherto. 
Thus, we repeated the synthetic procedure described at the beginning of this Chapter, starting 
with (S)-binol, and prepared a batch of (R)-bpa. We then repeated the same crystallisations and 
isolated crystals of the corresponding (R)-37, (R)-38 and (R)-42. After acquiring the crystal 
structures of these phosphonates, we determined that these were indeed the opposite absolute 
configuration of the aforementioned structures, due to the differing spatial orientations of the 
binaphthyl rings. Figure 2.17 illustrates this in the case of (R)-37 and (S)-37.  
This reproducibility is an important facet. Not only is it proof of concept that no matter which 
enantiomer of bpa is used, the same structure can be prepared, but it is also necessary if these 
phosphonates were to be tested in asymmetric catalysis where it would be preferable to have 


















2.6 Preparation of a Mixed Co-Sc Cluster, (S)-43 
After successfully preparing a cohort of Co(II) phosphonates with varying complexities we were 
eager to see if (S)-bpa could be used to prepare mixed transition metal or mixed transition 
metal-lanthanide phosphonates. Indeed, many SMMs themselves consist of a transition metal 
component and a lanthanide component,107 making these species a worthwhile avenue to 
explore. 
The first attempts at preparing these mixed clusters involved simply stirring solutions of the 
ligand, cobalt acetate tetrahydrate and various lanthanide chloride hydrate salts in a myriad 
(see Appendix) of solvents such as ethanol, methanol, acetonitrile and combinations of these 
along with pyridine. Slow evaporation of the solvent or slow diffusion proved unsuccessful at 
preparing adequate crystals – most of the potentially suitable crystals were instead found to be 
globular when examined with plane-polarised light. 
We then turned to our layering technique (see above) using the same pyridine solution of (S)-
bpa, a mixed solution of cobalt acetate tetrahydrate and various lanthanide chloride hydrate 
salts from a good range in the series including lanthanum, europium, holmium and ytterbium. 
Unfortunately, no suitable crystals could be prepared by this method either. We also attempted 
a crystallisation with scandium and yttrium since these elements behave very similarly to 
lanthanides – both predominantly exist in the +3 oxidation state and also because scandium and 
yttrium are grouped into the rare earths with the rest of the lanthanides. The Co-Y layered 
Figure 2.17 Overlapped wire structures of (S)-37 (red) and (R)-37 (blue). It can be seen that the lower binaphthyl 
rings (lower meaning the rings which do not contain the phosphonic acid moiety) are spatially oriented in 





crystallisation failed, with a precipitate forming after 24 hours. However, the Co-Sc layered 
crystallisation (starting with 0.5 equivalents of both Sc(OTf)3 and Co(OAc)2•4H2O) yielded dark 
blue dendritic crystals after 48 hours (Figure 2.60). Single-crystal X-ray diffraction revealed these 
crystals to be of a mixed Co(II)-Sc(III) cluster, (S)-43. Figure 2.18 shows the structure of (S)-43 in 
the crystal. 
Figure 2.18 Structure of (S)-43 in the crystal, with binaphthyl groups represented as translucent sticks and hydrogen 
atoms omitted. Also shown is the triflate (CF3SO3–) counter-anion which balances the charge of the cluster. Bottom 






(S)-43 is a mixed Co3Sc3 cluster crystallising in the space group P213 and in which all three 
scandium atoms exist in the +3 oxidation state, while all three cobalt atoms exist in the +2 state. 
The three octahedral Sc(III) atoms are bridged by a central µ3-oxygen and each bind to three 
pyridine ligands, forming a paddlewheel-type motif lying in the plane of the page. Emerging 
from, and going into the plane, are the six (S)-bpa groups, each binding in a [3.111] configuration 
(with two oxygens binding to two scandium ions while the third bridges to a cobalt ion). On the 
periphery of the cluster are the three Co(II) atoms, each adopting a tetrahedral arrangement. 
Two coordination sites are occupied by the phosphonate groups from two molecules of (S)-bpa, 
while two capping pyridine groups complete the coordination sphere. Figure 2.19 highlights the 
core of (S)-43.  
With regards to Figure 2.19, The Sc1-O1, Sc2-O1 and Sc3-O1 bond lengths are all 2.0388(14) Å 
while the Sc1-N1, Sc2-N2 and Sc3-N3 bond lengths are all 2.406(7) Å. With regards to the 
phosphorus atoms, the P1-O2 and P1-O4 bond lengths are both 1.513(5) Å and the P1-O3 bond 
length is 1.524(6) Å. In comparison, the P2-O5, P2-O7 and P2-O6 bond lengths are 1.517(5), 
1.521(5) and 1.532(6) Å respectively. The oxygen to cobalt bond lengths are shorter than the 
Figure 2.19 Structure of the (S)-43 core in the crystal, with binaphthyl groups omitted. The large ellipsoids on the 
pyridine carbons are due to the relatively high rotational degrees of freedom possessed by the pyridines. The Co 





oxygen to scandium – the Co2-O3 and Co2-O6 bond lengths fall short of 2 Å at 1.914(6) and 
1.921(6) Å respectively. The oxygen to scandium bonds fall slightly over 2 Å however. The Sc2-
O2, Sc2-O5, Sc3-O4 and Sc3-O7 bond lengths are 2.101(5), 2.107(5), 2.094(5) and 2.077(5) Å 
respectively. While it was initially assumed that the oxygen to scandium bond lengths would be 
shorter than oxygen to cobalt due to the higher charge density possessed by scandium (Sc(III) 
versus Co(II)), we postulated the shorter bond lengths to cobalt arose due to the tetrahedral 
arrangement of the cobalt atoms. Since the scandium centres adopted an octahedral 
arrangement, these would be much more sterically hindered, and would inevitably lead to 
longer bond lengths that the significantly less encumbered tetrahedral cobalt centres. 
Interestingly, a search of mixed Co-Sc phosphonates in the literature revealed that no such 
structure exists. The only other example of a Co-Sc coordination complex we could find was a 
Cp*ScOC(CH3)Co(CO)Cp species (Cp = cyclopentadienyl; Cp* = pentamethylcyclopentadienyl) 
prepared by Bercaw and co-workers.108 
The preparation of (S)-43 was indeed an encouraging result and certainly gives impetus for any 
potential future researcher working with (S)-bpa to explore the avenue of mixed metal clusters, 
since as we have seen, it is certainly feasible to easily and reliably prepare these architectures 
in the case of scandium and cobalt. Moreover, if successful lanthanide-Co clusters could be 
reliably prepared, these would very likely possess SMM properties as mentioned above. 
2.7 Testing the Catalytic Properties of (S)-38 and (S)-42 
In Chapter 1 we discussed how a commercially available silica-supported alkyl phosphonate – 
when coordinated to cobalt(II) – could catalyse allylic and benzylic oxidations to alkenes.37 We 
wished to examine whether our polymeric phosphonates (S)-38 and (S)-42 were capable of 
producing similar results. These two phosphonates were chosen as they were the only polymeric 
cobalt phosphonates we had prepared and were insoluble. Thus, they would act as 
heterogenous catalysts – much in the same way that the cobalt alkyl phosphonate 12 did. 
In the original paper by Sullivan and co-workers, a number of alkene substrates were tested 
using tert-butyl hydroperoxide as the oxidant. These included terpenes, substituted 
cyclohexenes and steroid derivatives.37 In order to save resources, we opted to first test the 
efficacy of (S)-38 and (S)-42 on cyclohexene itself (Figure 2.20). Since this is a simple, unhindered 
alkene, it would provide a good benchmark to gauge the catalytic properties of our 
phosphonates. Furthermore, the presence of any cyclohexenone product would be easily 





become inequivalent, leading to two peaks at 5.50 and 6.57 ppm (cyclohexene only contains a 
single peak in this region at 5.69 ppm). After a catalysis run had finished, the crude material was 
filtered from the cobalt phosphonate and dried under vacuum. A 1H NMR spectrum of the crude 
material was then recorded and the region around 6.57 ppm was carefully inspected for the 
peak which would indicate the presence of cyclohexenone product. If any peak was present 
here, the product would be purified by column chromatography in order to ascertain the yield. 
The reagents and equivalents were kept the same as those reported by Sullivan et al., and the 
reactions were performed at varying times. Since (S)-38 and (S)-42 are polymeric species, we 
chose to use the same mass as the alkyl phosphonate (60 mg). Table 8 summarises the results 




Entry Phosphonate Reaction Time / h Yield / % 
1 None 48 0 
2 (S)-38 24 0 
3 (S)-38 36 0 
4 (S)-38 48 0 
5 (S)-42 24 0 
6 (S)-42 36 0 
7 (S)-42 48 0 
 
Unfortunately, neither (S)-38 nor (S)-42 were able to catalyse the oxidation of cyclohexene to 
cyclohexenone. No peaks pertaining to the vinyl protons in cyclohexenone were seen 
whatsoever in the 1H NMR spectrum of the crude filtered reaction. We speculated that due to 
the complete encapsulation of the Co(II) centres by the binaphthyl rings of the phosphonate 
groups, there was no area for the cobalt atoms to interact with the alkene substrate and the 
tert-butyl hydroperoxide. This was determined by inspection of the crystal structures of (S)-38 
and (S)-42 with all atoms represented by their maximum van der Waals radii (Figure 2.21). This 
is in contrast to the alkyl cobalt phosphonate prepared by Sullivan and co-workers. Although 
there is no crystal structure or electron micrographs of their catalyst, it is known that the basic 
structure consisted of an alkyl phosphonate chain bound to a solid silica support. The cobalt 
Table 8 Results of the oxidation of cyclohexenone using (S)-38 and (S)-42 at various reaction times. Entry 1 uses only 
tert-butyl hydroperoxide. For reference, under the same conditions, Sullivan et al. reported a 90% yield.37 





atoms bound to the phosphonates at the end of the chains were thus completely exposed, 









Due to the unsuccessful results we obtained, (S)-38 and (S)-42 were not utilised in any further 
catalytic studies.  
2.8 Conclusion  
To conclude, we have demonstrated (S)-bpa to be a highly versatile ligand in cobalt chemistry, 
capable of generating a zero-dimensional, one-dimensional and two-dimensional Co(II) 
phosphonate depending on the reaction conditions and presence of co-ligands. Furthermore, 
the corresponding (R)- phosphonates were also prepared and the opposite absolute 
configuration unambiguously assigned by X-ray crystallography. We were also able to expand 
the scope of the coordination reactions by demonstrating that (S)-bpa could also bind to 
scandium and cobalt in situ to form a mixed Co-Sc cluster, which after a literature search, was 
revealed to be the first example of a mixed Co-Sc phosphonate. Figure 2.22 summarises the 
possible structures which can be obtained from (R)/(S)-bpa and a Co(II) source. 
With regards to the catalytic properties, our polymeric phosphonates (S)-38 and (S)-42 proved 
unsuccessful at allylic oxidations, probably by virtue of the sterically demanding binaphthyl 
groups blocking the cobalt atoms from interacting with the substrate and oxidant. As such, any 
potential future chemist working with these structures should be advised to explore other 
avenues of catalysis. Perhaps gas-phase catalysis would prove to be a fruitful endeavour if there 
are any suitably sized channels or pores in these phosphonates. 
Figure 2.21 Left: Structure of (S)-38 and right: (S)-42 in the crystal with atoms represented as spheres with their 
maximum van der Waals radii. It can be seen that in both cases, as a consequence of the bulky nature of the binaphthyl 
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Chapter 3 – Coordination of (S)-bpa to Other Transition 
Metals 
3.1 Introduction 
After our success with cobalt, we were eager to expand the scope of this project by attempting 
to crystallise other transition metal phosphonates. Initially, there was no limit to what d-block 
metals were reacted with (S)-bpa in principle. Of course, a larger focus was placed on elements 
whose electronic profiles were suitable for SMM behaviour, such as most of the first-row 
transition row metals including manganese, iron, nickel and copper. Elements whose 
corresponding phosphonate complexes had proven effective at certain catalytic 
transformations (see Chapter 1) were also considered to be of interest. Finally, we were also 
keen to investigate whether main group and lanthanide metal phosphonates could also be 
prepared (see Chapter 4), but in this Chapter we will focus on non-cobalt transition metal 
systems. 
One of the first phenomena we noticed was that the noble metals in their chloride salts 
(ruthenium, rhodium, palladium, silver, iridium, platinum and gold) did not react at all with (S)-
bpa. Any crystals that were obtained were almost universally the pyridine complexes, such as 
[Au(Cl)2(Py)4]Cl. We attributed this to the incompatible hardness and softness between the 
metal centre (the Lewis acid) and the phosphonate oxygens of (S)-bpa (the Lewis base). Since 
phosphonates will always bind through their oxygen atoms, this makes them hard Lewis bases. 
They will therefore prefer to bind to hard Lewis acids such as Group 1 and 2 metals, first-row 
transition metals and lanthanides. In order to understand this principle more clearly, it is 
necessary to define the terms hard and soft. Hard Lewis acids and bases are generally 
characterised by their small ionic radii, low polarisability (the ability to form instantaneous 
dipoles) and high oxidation states. Consequently, soft Lewis acids and bases are characterised 
by their large and diffuse ionic radii, high polarisability and low oxidation states. The noble 
metals are soft Lewis acids and will therefore favour complex formation with soft Lewis bases 
such as phosphines, carbenes and to a lesser extent, sulfides. 
Figure 3.1 shows a cut-down periodic table highlighting the hardness and softness of important 








While Hard-Soft Acid-Base (HSAB) theory is a useful tool in understanding the coordination 
preferences of certain elements, it is not by any means definitive proof that a reaction between 
metal and ligand will occur. However, it does for instance satisfactorily explain why there are no 
Au(I) or Au(III) phosphonate crystal structures in the literature (at the time of writing this thesis), 
while there are countless examples of gold phosphine structures.109 Here, the soft Au(I) or Au(III) 
will easily bind to the soft phosphorus(III) atom of the phosphine. 
Thus, while we did not want to restrict ourselves in our search for new metal phosphonates, 
certain scientific principles such as the aforementioned HSAB theory dictated certain 
combinations of reactions would be incompatible. Therefore, low oxidation state metals did not 
give new metal phosphonates, which was unsurprising, given the lack of metal phosphonates in 
this area of the periodic table (see Chapter 1). We were, however, able to prepare nine non-
cobalt transition metal complexes, which will be described forthwith. It should be noted that a 
coordination reaction between (S)-bpa and Ru(III) and Rh(III) has not yet been attempted. 
3.2 First-Row Transition Metal Phosphonates 
3.2.1 Scandium Phosphonate, (S)-44 
It seems fitting that, after our success with the mixed Co-Sc cluster (S)-43, we begin this chapter 
by discussing the successful preparation of a scandium phosphonate. Scandium phosphonates 
are rare in the literature, with only four crystal structures reported in the CCDC (Chapter 1) at 
the time of writing this thesis. Scandium itself is a rather niche metal – industrially, its primary 
use is in alloys with other metals and in the laboratory as a catalyst in certain transformations, 
such as the acylation of alcohols.110 Furthermore, it is an expensive metal by virtue of its scarcity, 
which might also discourage wide-scale research. Nevertheless, we were eager to ascertain 
Figure 3.1 A section of the periodic table showing hard (green), intermediate (yellow) and soft (red) Lewis acids 





whether a monometallic Sc-(S)-bpa complex or cluster could form, since it was already 
determined that it was feasible to form a mixed Co-Sc cluster in (S)-43. 
Thus, scandium triflate was layered with (S)-bpa with the same method and equivalents outlined 
in Chapter 2. However, upon completion of the layering, a viscous precipitate formed, and no 
crystals could be obtained. After a crystallisation screening with various solvents, it was found 
that the 0.5 mL of water was causing this aggregation, but despite omitting water from the 
layering, no crystals were obtained. Thus, a change of tactic was adopted, and the ideal solvent 
was determined to be neat pyridine. The presence of any other organic solvent – regardless of 
amount – would cause precipitation. The optimised conditions were (S)-bpa (0.1 mmol), 
Sc(OTf)3 (0.5 mmol – sacled to half equivalents due to the large molecular weight of 
scandium(III) triflate) and 3 mL of pyridine. These were stirred for 24 hours before being left to 
slowly evaporate. Parafilm was also placed over the top of the vials in order to inhibit the rate 
of evaporation. 
After two weeks, colourless plates were observed. These were analysed by single-crystal X-ray 
diffraction and were found to be crystals of a Sc3 cluster (S)-44. Figure 3.2 shows the structure 
of (S)-44 and the (S)-44 core in the crystal. 
  
(S)-44 
Figure 3.2 Left: Structure of (S)-44 in the crystal, with binaphthyl groups represented as translucent sticks and 
hydrogen atoms omitted. Also shown is the triflate (CF3SO3–) counter-anion which balances the charge of the cluster. 
Right: Structure of the (S)-44 core in the crystal with hydrogen atoms on pyridine groups omitted. The Sc ellipsoids 





As can be seen, (S)-44 is essentially a cut-down version of (S)-43 with the three peripheral 
Co(py)2 groups removed. In their place are six protonated OH groups from the phosphonates. 
This had the unforeseen effect of granting us some insight into how these structures might form. 
We theorise that in the case of (S)-43, the structure of (S)-44 forms first, and the cobalt atoms 
in solution then “clip” onto the ends, along with six capping pyridine ligands, forming (S)-43 
(Figure 3.3). This is a well-established phenomenon in the literature and is known as cluster 
expansion. This generally involves a known cluster being crystallised, purified and re-dissolved 
in solution before having further equivalents of metal salt or ligand added. These bind to the 
periphery of the cluster and expand it in size, and in so doing, confer altered physical and 
chemical properties to the cluster. The only difference in our case was that this entire process 
was done in a one-pot, one-step process. Cluster expansion has been used to great effect by 
various research groups.62,111 Usually, a carboxylate ligand with its two oxygen donor atoms is 
substituted for a phosphonate with its three oxygen donor atoms. The extra oxygen atoms allow 
the cluster to bind to further metals, which in theory can allow for mixed-metal systems. 
 
(S)-44 is a trimetallic Sc3 cluster crystallising in the P312 1 space group. The Sc1-O1 and Sc2-O1 
bond lengths are both 2.050 Å while the Sc3-O1 bond length is 2.027 Å. The Sc1-N1 and Sc2-N2 
bond lengths are both 2.357 Å while the Sc3-N3 bond length is 2.383 Å. Each phosphonate ligand 
binds in a [2.110] manner, and the P1-O2, P1-O3 and P1-O4 bond lengths are 1.504, 1.534 and 
1.510 Å respectively, while the P2-O5, P2-O6 and P2-O7 bond lengths are 1.508, 1.546 and 1.512 
Å respectively. The Sc2-O2, Sc2-O5, Sc3-O4 and Sc3-O7 bond lengths are 2.083, 2.093, 2.091 and 
Figure 3.3 Comparison of (S)-44 (left) and (S)-43 (right) with binaphthyl groups omitted. It can be seen how the latter 





2.090 Å respectively. These values are consistent with the few Sc phosphonates that are already 
in the literature.112 
We were also able to characterise (S)-44 by NMR spectroscopy. This was previously inaccessible 
with (S)-43 due to the paramagnetic nature of Co(II), which led to broad and indecipherable 
spectra. Sc(III) on the other hand, has an electronic d0 configuration, and was therefore 
compatible with analysis by NMR spectroscopy. Thus, we prepared suitable NMR samples of (S)-
44 by dissolving the cluster in d6-dmso, which incidentally was the only organic solvent able to 
dissolve it. The 1H NMR spectrum was somewhat broadened, and the multitude of aromatic 
peaks which comprise the signals of the binaphthyl rings had merged together. However, the 
{1H}31P NMR spectrum was more promising, showing three distinct phosphorus environments 
(Figure 3.4). This was unexpected, as inspection of the crystal structure would imply that all 
phosphorus environments are the same, since each molecule of (S)-bpa binds in exactly the 
same manner. We speculated that these three peaks arose due to some of the phosphonate 
groups being deprotonated in solution, while some were protonated. In order to ascertain 
whether this was the case, two drops of 2 M HCl were added to the NMR tube containing the 
solution of (S)-44. The tube was shaken to encourage reaction and the same 31P NMR 
experiment was reran. As expected, the three peaks collapsed into one single peak at 11.66 ppm 
(Figure 3.4). This was at a different chemical shift to the other three peaks and was close to the 
chemical shift of uncoordinated (S)-bpa in this solvent (12.40 ppm). This implies two possible 
outcomes – either the chemical shift of completely protonated (S)-44 lies at 11.66 ppm, or the 
acid has caused the structure to break down, releasing unbound (but still protonated) (S)-bpa 
with a slightly altered chemical shift due to the presence of Sc3+ ions in the solution. Further 
studies would have to be conducted on the stability of (S)-44 towards acidic media in solution. 
Figure 3.4 Left main: {1H}31P NMR spectrum of (S)-44 (recorded in non-deuterated dmso). The three regions fall within 
the chemical shift range of 7.19, 2.95 and -3.96 ppm. Inset: Expansion of the pertinent region. Right: {1H}31P NMR 
spectrum of (S)-44 after the addition of two drops of 2 M HCl. There is a single peak at 11.66 ppm.  For reference, 





In conclusion, we have successfully prepared the first chiral scandium phosphonate (S)-44, 
which can be thought of as a precursor to the mixed Co-Sc cluster, (S)-43. Moreover, we 
obtained NMR information to a class of compounds which are normally NMR-incompatible due 
to the absence of the paramagnetic Co(II). While these were promising results, we did not 
perform any further studies to (S)-44, since scandium is a rather niche element and has no 
interesting magnetic properties (by virtue of the complete absence of d-electrons). Instead, we 
moved onto further coordination reactions of (S)-bpa with other transition metals. 
3.2.2 Manganese Phosphonates, (S)-45 and (S)-46 
The next transition metal investigated was manganese. This was an important metal, namely 
since the first ever SMM prepared was a mixed valence manganese cluster (see Chapter 1). 
Manganese compounds exhibit oxidation states ranging from Mn(0) to Mn(VII). The most 
common oxidation states of manganese are +2, +4 and +7, although the most commonly 
observed oxidation state out of these three is +2 – any higher oxidation state Mn compounds 
are highly oxidising.113 Moreover, Mn(III) is prone to disproportionation in solution, forming 
Mn(II) and Mn(IV). With this in mind, we opted to use only Mn(II) salts in our crystallisations. 
Thus, when a solution of (S)-bpa in pyridine was layered onto a solution of MnCl2 in water, 
ethanol and acetonitrile, colourless parallelepipedal crystals formed after 24 hours. Single-
crystal X-ray diffraction revealed these crystals to be of a monometallic Mn(II) complex, (S)-45. 
Figure 3.5 shows the structure of (S)-45 in the crystal. 
 
 






It can be seen that (S)-45 is completely isostructural to (S)-37 (Chapter 2), with the Co(II) centre 
substituted for Mn(II). This is probably a manifestation of not only the bulky nature of (S)-bpa, 
in which two molecules would preferentially bind in an axial configuration to avoid steric 
repulsion, but also the exact same layering conditions which were used to prepare (S)-37. The 
pyridine base would the occupy the four vacant coordination sites. The steric bulk of (S)-bpa 
appears to be able to dictate the size of the complex or cluster, depending on which conditions 
are employed. Therefore, despite the size of (S)-bpa, it is possible to prepare monometallic 
metal phosphonates using this ligand. 
(S)-45 is an octahedral, axially-distorted Mn(II) complex crystallising in the P21 space group and 
as mentioned previously, is completely isostructural with (S)-37, with four equatorial pyridine 
ligands and two axial-bound, mono-deprotonated (S)-bpa molecules which bind via the 
deprotonated oxygens on the phosphonate. The Mn1-N1, Mn1-N2, Mn1-N3 and Mn1-N4 bond 
lengths are 2.276(3), 2.350(3), 2.289(3) and 2.354(3) Å respectively. The Mn1-O1 and Mn1-O4 
bond lengths are 2.0726(18) and 2.0739(17) Å respectively. The P1-C2 bond length is 1.815(3) Å 
while the P2-C12 bond length is 1.819(3) Å. The C2-C1-C1’-C2’ torsion angle is 79.826° while the 
C12-C11-C11’-C12’ torsion angle is 95.983°. These values are consistent with similar 
phosphonates in the literature.114 The packing diagram of (S)-45 is shown in Figure 3.6.  
 
Figure 3.6 Packing diagram of (S)-45 as viewed down the b-axis. The interlayer hydrogen bond lengths are 







We also attempted to prepare higher order Mn(II) architectures via the hydrothermal method 
but unfortunately no reaction yielded crystalline material. However, when manganese acetate 
tetrahydrate and (S)-bpa (both 1 mmol) were stirred in a mixture of acetonitrile and pyridine 
for 24 hours before being left to evaporate, a rather different product began to crystallise. These 
were certainly not the colourless crystals of (S)-45, but instead were dark-red plates. Analysis by 
single-crystal X-ray diffraction revealed these crystals to be of a Mn6 cluster, (S)-46. Figure 3.7 













It should be noted that the crystal structure of (S)-46 is unrefined at this point in time. High 
disorder in the crystal packing led to poor, high-angle diffraction. Thus, the bond lengths in the 
core of the structure can be quoted to a satisfactory degree of accuracy but the bond lengths at 
the periphery of the cluster (such as the binaphthyl rings and to a lesser extent the pyridine C-C 
bonds) cannot. Furthermore, the calculations for the positions of the hydrogen atoms has not 
been performed, and so some rationale must be applied. For instance, the six oxygen atoms 
that cap the Mn4, Mn5 and Mn6 centres are almost certainly aqua ligands, since they 
realistically cannot be O2- atoms as this would make no chemical sense – the overall charge of 
the cluster would be too negative to be feasibly possible. They also cannot be hydroxyl ligands 
since this would also lead to a significant and unstable overall negative charge for the cluster 
(see below). 
Figure 3.7 Left: Structure of (S)-46 in the crystal, with binaphthyl groups represented as translucent sticks and 
hydrogen atoms omitted. It can be seen by the distorted appearance of the binaphthyls that this structure is 
unrefined. Right: Structure of the (S)-46 core in the crystal with hydrogen atoms on pyridine groups omitted. The 






Structurally, (S)-46 bears some resemblance to (S)-44, retaining the same oxo-metal-pyridine 
paddlewheel motif. It crystallises in the P213 space group and the phosphonates bind in the 
typical [3.111] configuration. The P1-O2, P1-O3 and P1-O4 bond lengths are 1.526, 1.492 and 
1.542 Å respectively, while the P2-O5, P2-O6 and P2-O7 are 1.525, 1.502 and 1.526 Å 
respectively. The Mn2-O2 Mn2-O5, Mn3-O4 and Mn3-O7 bond lengths are 1.894, 1.996, 2.018 
and 1.921 Å respectively, which are significantly shorter than the axial Mn-O and Mn-N bond 
lengths (2.158 and 2.176 Å respectively). This implies some Jahn-Teller distortions are present 
in the inner, octahedral Mn atoms. With regards to the outer Mn centres, the Mn5-O3, Mn5-
O6, Mn5-O8 and Mn5-O9 bond lengths are 2.027, 2.029, 2.145 and 2.189 respectively. These 
are consistent with Mn phosphonates in the literature.114 
Originally, we assumed that all manganese centres in (S)-46 existed in the +2 oxidation state, 
which was the oxidation state of the Mn(OAc)2•4H2O precursor. However, when assuming a 
uniform +2 state for the Mn centres, the overall charge for the cluster could not be realistically 
reconciled. The total positive charge of the cluster would be (6 x 2+) = 12+. Naturally, this would 
require a total negative charge of 12– to balance the charges. However, we already obtain 12– 
from the six phosphonate groups (6 x 2–) and are still left with the μ3-oxo bridge (a further 2–). 
Furthermore, there are no realistic anions in solutions to balance this charge; acetate is negative 
and uncoordinated Mn2+ is unlikely. 
In light of this, we propose that the inner manganese atoms, Mn1-Mn3 exist in the formal Mn(III) 
oxidation state, while the outer three manganese atoms Mn4-Mn6 exist in the Mn(II) state. Our 
reasoning behind this is three-fold. Firstly, balancing the charges is significantly more logical – 
now the total positive charge is 15+ ((3 x 3+) + (3 x 2+)), which can be satisfactorily balanced by 
the six phosphonate groups (12–) and the μ3-oxo bridge (2–). This leaves an overall charge of 
1+, and we postulate that an acetate counter-anion exists somewhere in the asymmetric unit, 
albeit due to the lack of refinement in (S)-46, locating this counter-anion has proven somewhat 
difficult. For reference, if we assume the six periphery oxygen atoms were hydroxyl groups 
rather than aqua ligands, the overall charge of the cluster would be 11–, which seems unlikely. 
The second reason was that our BVS calculations (see Appendix) more closely modelled Mn1-
Mn3 as being in the +3 state rather than +2. As an addendum, they also agreed very well with 
our assumption that Mn4-Mn6 were in the +2 state. Finally, some reading into the area revealed 
that Mn(III) ions commonly adopt an octahedral structure and have significant Jahn-Teller 
distortions, which is observed in (S)-46.115 The archetypal example of this is manganese(III) 














Thus, (S)-46 is a mixed-valence MnII3MnIII3 cluster. We were eager to probe the magnetic 
properties of this phosphonate since mixed-valence manganese clusters have proven to be 
viable candidates for SMMs (notwithstanding the first SMM which was a mixed Mn(III)-Mn(IV) 
cluster. These results are pending. 
  
Figure 3.8 Left: Structure of manganese(III) acetate 47 in the solid-state. Right: Structure of the (S)-46 core. While 







3.2.3 Iron Phosphonate, (S)-48 
Iron phosphonates are well-established in the literature as we have seen in Chapter 1, and we 
were eager to see how (S)-bpa would react with a source of the metal. Choosing a suitable 
oxidation state of iron to perform coordination reactions upon was straightforward in this case. 
The two most common oxidation states of iron are +2 and +3, and since Fe(II) readily oxidises to 
Fe(III) in water under ambient conditions (from Fe(III) + e– → Fe(II), E = +0.77 V and O2 + 2H2O + 
4e– → 4OH–, E = +1.19 V)116 this left iron(III) as the only suitable candidate for the preparation 
of a stable phosphonate. 
We therefore set about attempting to crystallise (S)-bpa with an iron(III) source. However, when 
a pyridine solution of the ligand was layered with a solution of iron(III) chloride hexahydrate, a 
yellow precipitate immediately formed. After numerous attempts with a variety of solvents, 
yellow plates suitable for single-crystal X-ray diffraction were grown from a 3:1 ethanol / 
pyridine mixture. The crystals were revealed to be of a Fe3 cluster, (S)-48. Figure 3.9 shows the 















Figure 3.9 Left: Structure of (S)-48 in the crystal, with binaphthyl groups represented as translucent sticks and 
hydrogen atoms omitted. Not shown is the lone chloride counter-anion which balances the cluster charge. Right: 






As can be seen from Figures 3.2 and 3.9, (S)-48 is completely isostructural with the Sc3 cluster, 
(S)-44, and retains the same O-M-N paddlewheel motif that we have seen in (S)-46, (S)-44 and 
(S)-43. However, it crystallises in the trigonal space group P312 1, unlike (S)-44, which crystallises 
in the P213 space group. The Fe1-O1 and Fe2-O1 bond lengths are both 1.982(3) Å while the 
Fe3-O1 bond length is 1.949(6) Å. The Fe1-N1 and Fe2-N2 bond lengths are both 2.251(6) Å, 
while the Fe3-N3 bond length is 2.285(8) Å. The phosphonates bind in a [2.110] manner, and 
the P1-O2, P1-O3 and P1-O4 bond lengths are 1.511(5), 1.542(5) and 1.508(5) Å respectively, 
while the P2-O5, P2-O6 and P2-O7 bond lengths are 1.500(5), 1.555(5) and 1.505(5) Å 
respectively. The P1-O3 bond lengths are noticeably longer than the P1-O2 and P1-O4 bond 
lengths. This is probably due to the fact that the O3 oxygen atom does not bind to any iron 
centre while the O2 and O4 oxygen atoms do. The Fe2-O2 and Fe2-O5 bond lengths are 2.001(5) 
and 2.005(5) Å, while the Fe3-O4 and Fe3-O7 bond lengths are 2.001(5) and 2.026(4) Å 
respectively. These are consistent with iron(III) phosphonates already in the literature.117 
Again, it can be seen that there are unbound oxygens on the phosphonate groups which 
potentially can be used to bind to a secondary metal via the cluster expansion method. We 
attempted to prepare such a cluster by employing both methods of cluster expansion. Thus, (S)-
48 was redissolved in a 1:1 mixture of ethanol and dichloromethane, and a second equivalent 
of FeCl3•6H2O or Mn(OAc)2•4H2O were added to the solution. Adding a second equivalent of 
lanthanide salts including cerium, dysprosium, gadolinium and ytterbium chloride hexahydrates 
was also attempted. Further to this, (S)-bpa and 0.5 equivalents of both the FeCl3•6H2O and all 
aforementioned salts were stirred in pyridine and left to crystallise. Unfortunately, all of these 
methods proved unsuccessful, although we are certain this can be achieved by further 
experimentation with solvent systems and equivalents. (S)-40 bears some resemblance to the 
iron(III) phosphonate [FeIII4(μ3-O)(Cl)(O3P-Ph)3(O2C-Ph)3(py)5] 25 prepared by Winpenny and co-







3.2.4 Nickel and Copper Phosphonates, (S)-49 and (S)-50 
After having prepared Group 7 and 8 metal phosphonates in (S)-45, (S)-46 and (S)-48, we wanted 
to explore the later first-row transition metals in Groups 10, 11, 12. These include nickel, copper 
and zinc. The reason these two phosphonates have been amalgamated into one sub-section is 
two-fold. Firstly, they are isostructural to one another, and secondly, the magnetic properties 
of these two phosphonates we have prepared have hitherto not been studied. Nickel and 
copper SMMs are somewhat rare compared to other transition metal elements such as cobalt, 
manganese or iron, although there are a few examples.32,118 These SMMs are clusters however, 
while the nickel and copper phosphonates we have prepared are monometallic. 
For nickel, we opted to use the metal in its +2 state, as this is its most common oxidation state. 
Thus, when a pyridine solution of (S)-bpa was layered on top of a 0.5:1:1 water/ethanol/ 
acetonitrile solution of nickel(II) chloride hexahydrate, pale blue parallelepipedal crystals were 
observed after 24 h. Single-crystal X-ray diffraction revealed these to be of a monometallic nickel 









(S)-49 is an axially-distorted Ni(II) octahedral phosphonate complex and is isostructural with (S)-
37 and (S)-45. It crystallises in the P21 space group. The Ni1-O1 and N1-O4 bond lengths are 
2.042(2) and 2.041(2) Å respectively. The Ni1-N1, Ni1-N2, Ni1-N3 and Ni1-N4 bond lengths are 
2.168(4), 2.104(4), 2.170(4) and 2.127(4) Å respectively. The P1-O1, P1-O2 and P1-O3 bond 
lengths are 1.488(2), 1.544(3) and 1.520(3) Å respectively, while the P2-O4, P2-O5 and P2-O6 
bond lengths are 1.496(2), 1.550(3) and 1.523(3) Å respectively. The P1-C2 and P2-C12 bond 
lengths are 1.818(4) and 1.818(5) Å respectively. The C2-C1-C1’-C2’ torsion angle is 78.203° 






while the C12-C11-C11’-C12’ torsion angle is 96.593°. These values are consistent with similar 
nickel phosphonates in the literature.119 
Interestingly, when we attempted to prepare a nickel phosphonate by adding all of the reagents 
simultaneously and stirring, we isolated crystals of the complex [NiCl2(Py)4] which were also pale 
blue in colour.  
We then turned our attention to preparing a copper phosphonate. With this metal there were 
two realistic choices as to which oxidation state to use – both Cu(I) and Cu(II) have stable salts 
and widely available. Due to its reduced charge density, Cu(I) is significantly softer than Cu(II),120 
which may have led to incompatibility issues with the hard Lewis base of the phosphonate 
oxygens. A search of the literature indicates the overwhelming majority of copper phosphonates 
prepared employ a Cu(II) precursor, although one notable exception is a copper(I) phosphonate 
catalyst.15b To this end, we restricted ourselves to working with Cu(II) exclusively. 
When a pyridine solution of (S)-bpa was layered on top of a copper(II) acetate tetrahydrate 
solution of water/ethanol/acetonitrile, dark blue columnar crystals were obtained after 24 
hours. Single-crystal X-ray diffraction revealed these to be of a mononuclear Co(II) phosphonate, 
(S)-50. Figure 3.11 is the structure of (S)-50 in the crystalline state. 
(S)-50 is isostructural with (S)-37, (S)-45 and (S)-49. Interestingly, (S)-50 crystallises in the P1 
space group, as opposed to the other monometallic phosphonates that crystallise in the P21 
space group. Nevertheless, (S)-50 still retains its axial distortion with one major distinction – in 
all of the other cases, the M-O bonds were shorter than the M-N bonds. In the case of (S)-50 
however, the Cu-O bond lengths are significantly longer than the Cu-N bond lengths, and longer 
than the Co-O, Mn-O and Ni-O bond lengths by an average of around 0.4 Å. We attribute this to 
the significant Jahn-Teller distortion present in (S)-50. Cu(II) has the d9 configuration, and Jahn-
Teller elongations are well documented for octahedral Cu(II) complexes.121  The Cu1-O1 and 
Cu1-O4 bond lengths are 2.338(2) and 2.460(2) Å respectively. The Cu1-N1, Cu1-N2, Cu1-N3 and 
Cu1-N4 bond lengths are 2.021(3), 2.071(3), 2.022(3) and 2.068(3) Å respectively. The P1-O1, 
P1-O2 and P1-O3 bond lengths are 1.496(3), 1.503(3) and 1.581(3) Å respectively, while the P2-
O4, P2-O5 and P2-O6 bond lengths are 1.500(3), 1.501(3) and 1.576(3) Å respectively. The P1-
C2 and P2-C12 bond lengths are 1.826(4) and 1.823(4) Å respectively. The C2-C1-C1’-C2’ torsion 
angle is 102.473° while the C12-C11-C11’-C12’ torsion angle is 88.484°.  
As previously mentioned, the space group possessed by (S)-50 differs to that of (S)-49, (S)-45 














A literature search on existing octahedral Cu(II) phosphonates revealed a consistency in these 
bond lengths to our copper phosphonate.122 One particular copper(II) phosphonate, prepared 
by Convery and co-workers, shares almost the exact same morphology as (S)-50.122c Their work 
involved investigations into the oxidation of phenylphosphinic acid to phenylphosphonic acid 
using a solution of copper(I) acetate dihydrate in pyridine. It was found that after the oxidation 
had occurred, the species [Cu(O3HPC6H5)2(Py)4] had crystallised from the solution. This is 
essentially the phenylphosphonic acid analogue of (S)-50. Some wider reading into the CCDC 
revealed that no other monometallic complexes analogous to [Cu(O3HPC6H5)2(Py)4], or with any 
other phosphonic acid, had been prepared – copper was the only example. 
Figure 3.12 Left: Packing of the copper phosphonate (S)-50 in the crystal, with hydrogen atoms on binaphthyls and 
pyridines omitted. Right: Packing diagram of the nickel phosphonate (S)-49 in the crystal, with same hydrogens 
omitted. Both of these images are from the perspective of the c-axis. It can be seen by the different packing nature 
that these two isostructural species crystallise in different space groups. 
(S)-50 
Figure 3.11 Left: Structure of (S)-50 in the crystal, with hydrogen atoms on binaphthyls and pyridines omitted. Right: 









3.2.5 Zinc Phosphonate, (S)-51 
The final first-row transition metal phosphonates with which we successfully prepared crystals 
of with (S)-bpa was zinc. Only titanium, vanadium and chromium failed to yield crystalline 
material. The choice of oxidation state was obvious in this instance – zinc has one common 
oxidation state, +2 (the +1 state is accessible but is unstable unless it is protected by extremely 
bulky ligands).89 Thus, we opted for zinc(II) in all cases. 
However, when a solution of (S)-bpa in pyridine was layered on top of a 
water/ethanol/acetonitrile solution of zinc(II) acetate tetrahydrate, crystals did not form. 
Neither did they form when these reactants were stirred together under ambient conditions in 
pyridine, ethanol/pyridine or acetonitrile/pyridine. In all instances, a white precipitate 
immediately formed. As a final test to ascertain whether zinc would form crystals with (S)-bpa, 
we reacted zinc(II) acetate tetrahydrate (1 mmol), (S)-bpa (1mmol), pyridine (0.25 mL), ethanol 
(1 mL) and water (1 mL) via the hydrothermal method. Surprisingly, after three days colourless 
needles were observed. Single-crystal X-ray diffraction revealed these to be of a polymeric Zn(II) 










(S)-51 bears a striking resemblance to (S)-42 (Chapter 2) in that the phosphonate groups bind in 
a [3.111] configuration, the binaphthyl rings protrude from the sides and the pyridines protrude 
at the top and bottom (when viewed down the a-axis). Furthermore, (S)-51 crystallises in the 
same space group as (S)-42 (P21). The Zn1-O1 bond lengths vary between 1.879 and 1.909 Å 
across the chain while the Zn1-O4 bond lengths vary between 1.914 and 1.937 Å. The Zn1-N1 
Figure 3.13 Structure of the (S)-51 asymmetric unit in the crystal viewed down the a-axis with hydrogen atoms 






bond lengths vary between 2.057 and 2.141 Å across the chain. The P1-O1 bond lengths vary 
between 1.519 and 1.520 Å, the P1-O2 bond lengths vary between 1.514 and 1.523 Å and the 
P1-O3 bond lengths vary between 1.515 and 1.518 Å. The P1-C1 bond lengths vary between 
1.761 and 1.818 Å across the chain. Figure 3.14 shows the packing diagram of (S)-51 as well as 



















 Figure 3.14 Top: Packing diagram of (S)-51 as viewed down the a-axis with binaphthyls represented as wires 
and the zinc, oxygen and phosphorus atoms represented as polyhedra. Bottom: An individual chain of (S)-









(S)-51 consists of a one-dimension zinc phosphonate chain that extends infinitely down the a-
axis. It can be viewed as a species that is halfway between the one-dimensional cobalt chain (S)-
38 and the two-dimensional cobalt sheet (S)-42, in that it is a one-dimensional metal 
phosphonate, similar to (S)-38, but also possesses exactly the same binding configurations as 
(S)-42. Unfortunately, when the analogous hydrothermal synthesis with 4,4’-bipyridine was 
attempted, no crystals were observed, even after considerable modifications to the equivalents 
and solvents. Likewise, as mentioned in Chapter 2, when pyridine was used with cobalt in the 
hydrothermal method, (S)-38 was prepared instead. 
To conclude, we have successfully prepared metal phosphonates of all first-row transition 
metals with (S)-bpa, excluding titanium, vanadium and chromium. For titanium, its chemistry is 
dominated by the +4 oxidation state, and due to the high oxidation state of Ti(IV), its compounds 
tend to have significant covalent character – TiCl4 exists as a closed-shell structure, much like 
CCl4. And much like CCl4, it is a liquid under standard ambient conditions. Ti(IV) compounds also 
tend to react violently with water, forming the hydrated adduct [TiCl4(OH2)2]. For this reason, it 
would be unsuitable to react with a phosphonate such as (S)-bpa, as all of the previous 
coordination reactions have been performed in aqueous media and open to air. For vanadium, 
we started with a vanadium (III) source in VCl3 but no crystals formed from any of the 
crystallisation methods (stirring, layering and hydrothermal method). It was noted that the 
solution underwent several colour changes, due to the sequential oxidation of V(III) to V(V). 
Perhaps a future chemist doing further work on this project could utilise the vanadyl ion [VO]2+ 
as a vanadium source, as these are stable V(IV) ions that are known to form a wide variety of 
complexes.124 Finally, for chromium the same problem as for vanadium was encountered – no 
crystals formed from any crystallisation method employed. In this instance, we started with 
chromium(III) chloride hexahydrate – a Cr(III) source. It is speculated that further modifications 
to equivalents or solvents will eventually yield a sufficient medium to prepare crystals.  
Nevertheless, the versatility of (S)-bpa in the successful preparation of seven first-row transition 
metal phosphonates has been demonstrated. A particularly noteworthy observation was that 
the type of complex prepared depended heavily on the method used, with the layering method 
in all cases yielding monometallic octahedral metal phosphonates in (S)-37, (S)-45, (S)-49 and 
(S)-50. Further to this, mechanical stirring yielded tri- and hexametallic clusters in (S)-44, (S)-46 
and (S)-48. Finally, the hydrothermal method yielded polymeric species in (S)-38, (S)-46 and (S)-
51. Thus, by adapting the crystallisation method accordingly, some degree of control can be 





3.3 Second-Row Transition Metal Phosphonates 
As mentioned at the beginning of this Chapter, the second-row transition metals are 
significantly softer in nature than their first-row counterparts. Furthermore, the late second-
row transition metal elements contain the aforementioned noble metals ruthenium, rhodium, 
palladium and silver. Forming a phosphonate complex with these metals is disfavoured since 
these metals are soft Lewis acids and the oxygen of the phosphonate is a hard Lewis base. 
However, a literature search revealed that 32 ruthenium, 3 rhodium, 20 palladium and 77 silver 
phosphonate crystal structures exist in the literature (at the time of writing this thesis), which 
proves that these reactions are not impossible, although the difference is certainly noticeable 
when these are compared to the number equivalent iron, cobalt, nickel and copper 
phosphonates (129, 417, 189 and 661 respectively, see Chapter 1).  
Although not all of the second-row transition metals were explored, coordination attempts 
using layering, stirring and the hydrothermal method were attempted on YCl3•6H2O, RuCl3, 
RhCl3, Pd(OAc)2, Ag(NO3)2 and Cd(NO3)2•4H2O. We were able to isolate two crystalline second-
row transition metal phosphonate complexes. The first was yttrium, which may come as little 
surprise since yttrium is regarded as a pseudo-lanthanide, and therefore is a hard Lewis acid. 
The second was the Group 12 metal, cadmium. 
3.3.1 Yttrium Phosphonate, (S)-52 
Yttrium is an almost exclusively trivalent transition metal and as such, with its chemistry being 
dominated by the +3 oxidation state. Its chemistry closely resembles that of the lanthanides, 
and this is apparent in nature – lanthanide-containing minerals such as monazite and 
bastnaesite often contain yttrium in varying quantities. We therefore expected that the 
coordination tendencies of any yttrium phosphonate that we were successful in making might 
give a clue as to the possibility of preparing related lanthanide phosphonates, which will be 
described in the following Chapter.  
The yttrium source used was yttrium(III) chloride hexahydrate, which readily dissolved into the 
water/ethanol/acetonitrile mixture. However, when a solution of (S)-bpa in pyridine was 
layered on top of this solution, a white precipitate immediately formed. A change in tactic was 
clearly necessary, and this led to the eventual optimised conditions of simply stirring the yttrium 
chloride salt and (S)-bpa in pyridine for 24 hours before setting the solution aside for slow 
evaporation. After two weeks, colourless plates could be observed. These were analysed by 
single-crystal X-ray diffraction and found to be a hexametallic yttrium cluster, (S)-52. Figure 3.15 





Since yttrium is below scandium in Group 3, we expected that a similar structure to the Sc3 
cluster, (S)-44 would be observed. However, this was not the case. (S)-52 is a highly irregular Y6 
cluster crystallising in the P21 space group and contains a central µ3-oxygen atom, as previously 
seen in (S)-43, (S)-44, (S)-46 and (S)-48. Moreover, it contains seven bound molecules of (S)-bpa, 
with the phosphonate binding configurations shown in Table 8. The outer yttrium atoms – Y1, 
Y4 and Y6 – contain numerous aqua ligands (five, four and six respectively), although Y3 also 
contains two aqua ligands. Further to this, Y5 contains a single axially-bound pyridine ligand. Y2 
contains no bound aqua ligands. 
The overall charge for the cluster was determined to be 3+ and was calculated as follows; (6 x 
Y3+ = 18+ total positive charge) and ((7 x PO32– = 14–) + (µ3-OH– = 1–) = 15– total negative charge). 
This bridging oxygen was determined to be a hydroxyl, as opposed to an O2– anion. There was 
significant evidence from the electron densities of the crystal structure to suggest that a 
hydrogen was present. Furthermore, it would allow the three chloride counter-anions to 
balance the charge of the cluster (Figure 3.30). 
The bond lengths for all labelled atoms in Figure 3.15 are compiled in Table 9. These were found 













Figure 3.15 Left: Structure of (S)-52 in the crystal, with binaphthyl groups represented as translucent sticks and 
hydrogen atoms omitted. Also shown are the three chloride counter-anions which balance the +3 charge of the cluster. 
Right: Structure of the (S)-52 core in the crystal with hydrogen atoms and chloride counter-anions omitted. The 






Phosphorus Atom Binding Configuration Binding Mode 
P1 [3.111213] Monodentate 
P2 [3.1122313] Bidentate 
P3 [2.12224] Bidentate 
P4 [3.2241415] Bidentate 
P5 [3.2251415] Bidentate 
P6 [3.131516] Monodentate 
P7 [3.2351516] Bidentate 
 
 
Bond Length / Å Bond Length / Å Bond Length / Å 
Y1-O2 2.177(7) Y4-O12 2.363(7) P2-O7 1.517(7) 
Y1-O7 2.211(6) Y4-O16 2.297(7) P3-O8 1.540(7) 
Y2-O1 2.321(6) Y5-O1 2.358(6) P3-O9 1.526(8) 
Y2-O4 2.276(6) Y5-O13 2.306(6) P3-O10 1.501(7) 
Y2-O5 2.255(6) Y5-O14 2.469(6) P4-O11 1.521(7) 
Y2-O8 2.443(7) Y5-O15 2.319(6) P4-O12 1.526(7) 
Y2-O9 2.321(6) Y5-O18 2.207(7) P4-O13 1.514(7) 
Y2-O11 2.292(6) Y5-O20 2.491(6) P5-O14 1.548(6) 
Y2-O14 2.287(6) Y5-O21 2.389(6) P5-O15 1.504(7) 
Y3-O1 2.405(6) Y5-N1 2.572(8) P5-O16 1.496(7) 
Y3-O3 2.246(6) Y6-O19 2.244(7) P6-O17 1.519(6) 
Y3-O5 2.507(7) Y6-O22 2.285(7) P6-O18 1.513(7) 
Y3-O6 2.381(6) P1-O2 1.521(7) P6-O19 1.515(7) 
Y3-O17 2.263(6) P1-O3 1.500(7) P7-O20 1.518(6) 
Y3-O20 2.324(6) P1-O4 1.530(7) P7-O21 1.519(6) 
Y4-O8 2.321(7) P2-O5 1.532(6) P7-O22 1.522(7) 






Table 8 Binding configurations and corresponding binding modes of each phosphorus atom in (S)-52. 





With Y(III) being a d0 transition metal like Sc(III), we were also able to record the {1H}31P NMR 
spectrum of (S)-52 (Figure 3.16). The spectrum shows two distinct regions, one at 11.07 ppm 
and the other at 3.77 ppm. We postulate that these two regions are a result of the two binding 
modes of the phosphonates present in (S)-52. The larger peak at 11.07 ppm we assign to the 
phosphonates that bind in a bidentate manner, while the smaller peak at 3.77 ppm we assign 
to the phosphonates that bind in a monodentate manner. The reason for this is attributed to 
the relative intensities of both peaks. By consideration of Table 8, two phosphonates bind in a 
monodentate configuration while the other five bind in a bidentate configuration. This ratio of 
5:2 is closely mirrored by the intensities of the two peaks.  
Figure 3.16 Main: {1H}31P NMR spectrum of (S)-52 (ran in standard dmso). The two regions fall within the chemical 
shift range of 11.07 and 3.77 ppm. Inset: Expansion of the pertinent region. For reference, uncoordinated (S)-bpa 





3.3.2 Cadmium Phosphonate, (S)-53 
The final transition metal phosphonate we were able to isolate crystals of was a cadmium 
phosphonate. This may seem theoretically counter-intuitive, since cadmium is a soft metal if we 
consider Figure 3.1 at the beginning of this Chapter, and would therefore disfavour binding to 
hard donors such as oxygen. However, this does not reveal the full picture since there are many 
well-known inorganic compounds containing cadmium and oxygen such as cadmium(II) oxide 
(CdO), [Cd(H2O)6]2+ and [Cd(OH)4]2−. Furthermore, a literature search of cadmium phosphonates 
revealed that (at the time of writing this thesis) there were 160 cadmium phosphonate crystal 
structures published, which even outstrips the number of iron phosphonates published. 
Therefore, a simple consideration of hardness and softness to determine viability of 
coordination is wholly inadequate in this instance. Many of these cadmium phosphonates were 
prepared in order to examine their luminescence properties,126a-c with some demonstrating 
exceptional detection of various ions in solution such as Cr2O72- and CrO42- ions126d and amino 
acids.126e 
While the +1 state is known for cadmium, the most common oxidation state is the +2 state, and 
thus we opted to employ cadmium(II) nitrate hexahydrate. When a solution of (S)-bpa in 
pyridine was layered on top of a solution of this cadmium(II) salt, colourless parallelepipedal 
crystals were observed after 24 hours. These crystals were revealed to be of a mononuclear 
Cd(II) phosphonate, (S)-53. Figure 3.17 shows (S)-53 in the crystal.  
 






The final addition to the cohort of mononuclear M-(S)-bpa phosphonates, (S)-53 is completely 
isostructural with (S)-50, (S)-49, (S)-45 and (S)-37. Much like the copper phosphonate (S)-50, (S)-
53 possesses the P1 space group. All oxygen and nitrogen to cadmium bond lengths are longer 
than the previous structures we have seen which reflects the significantly larger size of cadmium 
when compared to the first-row transition metals. The Cd1-O1 and Cd1-O4 bond lengths are 
2.208(4) and 2.225(4) Å respectively which are incidentally shorter than the M-O bond lengths 
in the copper phosphonate, (S)-50. The Cd1-N1, Cd1-N2, Cd1-N3 and Cd1-N4 bond lengths are 
2.404(5), 2.374(5), 2.402(5) and 2.357(5) Å respectively. The P1-O1, P1-O2 and P1-O3 bond 
lengths are 1.502(4), 1.506(4) and 1.568(5) Å respectively, while the P2-O4, P2-O5 and P2-O6 
bond lengths are 1.491(4), 1.503(4) and 1.542(5) Å respectively. The P1-C2 and P2-C12 bond 
lengths are 1.818(5) and 1.817(5) Å respectively. The C2-C1-C1’-C2’ torsion angle is 86.932°, 
while the C12-C11-C11’-C12’ torsion angle is 101.149°. These values are consistent with similar 
cadmium phosphonates in the literature.126 
Since cadmium is below zinc in the periodic table, we had hoped to prepare the analogous 
cadmium polymer of (S)-51. Unfortunately, when (S)-bpa (1 mmol), Cd(NO3)2•6H2O (1 mmol), 
pyridine (0.25 mL), ethanol (1 mL) and water (1 mL) were reacted via the hydrothermal method, 
no crystalline material was observed.  
3.4 Conclusion 
To conclude, we have prepared a total of 9 transition metal phosphonates (excluding cobalt). 
These were prepared by the three methods previously described – layering, stirring at room 
temperature and hydrothermal synthesis. The layering method prepared exclusively 
monometallic manganese, nickel, copper and cadmium phosphonates, (S)-45, (S)-49, (S)-50 and 
(S)-53 respectively. Stirring (S)-bpa with scandium(III) triflate and iron(III) chloride hexahydrate 
under ambient conditions resulted in the formation of two isostructural trimetallic clusters, (S)-
44 and (S)-48. Stirring (S)-bpa with manganese(II) acetate tetrahydrate under ambient 
conditions led to the formation of a hexametallic mixed-valence Mn(II)-Mn(III) cluster (S)-46, 
while the same approach with yttrium(III) chloride hexahydrate under ambient conditions led 
to the formation of a highly irregular hexametallic yttrium cluster, (S)-52. Finally, reacting (S)-
bpa, zinc(II) acetate tetrahydrate and pyridine (as the co-ligand) via the hydrothermal method 
resulted in the formation of a two-dimensional zinc phosphonate chain, (S)-51. This is 
summarised in Figure 3.18. 
We were successful in expanding the scope of the coordination reactions between (S)-bpa and 





control over morphology of the resulting phosphonates by simply altering the method of 
crystallisation. Although not successful with all first- and second-row transition metals, the 
layering method exclusively forms mononuclear metal phosphonates, while stirring at room 
temperature leads to clusters. The hydrothermal method, as with (S)-38 and (S)-42, produces 
polymeric species. 
Unfortunately, we were unable to isolate mixed TM-Ln clusters with any of the crystallisation 
techniques. However, the success with the mixed Co3Sc3 cluster (S)-43 should provide impetus 
for preparing crystals of mixed clusters by further modification with solvent systems and reagent 
equivalents.  
Overall, (S)-bpa has demonstrated flexibility in its mode of reactivity with transition metals, 
reacting with a wide range of metals and producing predictable structures based on the method 
in which we introduce it to a metal. This allows for the size of the clusters can be controlled to 
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Chapter 4 – Coordination of (S)-bpa to Lanthanides 
4.1 Introduction 
The lanthanides, from the Greek λανθανειν (lanthanein, to lie hidden), comprise of the fifteen 
elements starting from lanthanum (Z = 57) and ending in lutetium (Z = 71). All are primordial in 
nature except for promethium, which has no stable isotopes. The most stable isotope of 
promethium is 147Pm which has a half-life of 17.7 years. Historically, scandium and yttrium were 
grouped together with the other lanthanides and these were collectively known as the rare 
earths. However, this name is somewhat of a misnomer, since they are not rare in the sense of 
their scarcity (thulium, the least abundant lanthanide is still more abundant than iodine). Rare 
in this context could be interpreted as hard to get at and refers to the long and cumbersome 
processes required to purify them, since the lanthanides are physically and chemically similar to 
each other. 
Lanthanide chemistry is dominated by the +3 oxidation state, although the +2 and +4 oxidation 
states have been observed for some lanthanides such as Ce(IV) and Eu(II). However, these 
species are highly oxidising or reducing, so we shall restrict ourselves to the +3 chemistry. With 
regards to the orbitals, the 4f-electrons are very poor at shielding a nuclear charge, and as a 
consequence, as the atomic number increases, the stability of the 4f-orbitals also increases. In 
other words, they experience a greater nuclear charge as one goes across the series. Therefore, 
the ionic radii of the lanthanides decreases across the series. This is known as the lanthanide 
contraction (an approximate 0.2 Å decrease in ionic radius from La3+ to Lu3+) and among other 
things, is the main reason for the similar ionic radii, and hence chemistry, of the second- and 







Figure 4.1 Ionic radii of the Ln3+ ions from lanthanum to lutetium showing the marked decrease leading to the 





One of the biggest manifestations of the poor shielding of the 4f-electrons is the limited radial 
extension of the 4f-orbitals – they effectively behave as core orbitals, and therefore do not 
interact with ligands. Any crystal field effects are negligible. Thus, bonding in lanthanide 
complexes is predominantly ionic, which makes the lanthanides hard Lewis acids, with the Lewis 
acidity increasing slightly across the series. In addition, the lanthanides are highly oxophilic, with 
water rapidly displacing other monodentate ligands under aqueous conditions unless 
multidentate or bulky ligands are employed. This makes the phosphonate ligand with its three 
oxygen atoms ideal candidates for coordination to lanthanides. Therefore, we opted to attempt 
coordination with (S)-bpa to all of the lanthanides (excluding promethium). 
4.2 Coordination to Early Lanthanides, La – Sm, (S)-54 – (S)-58 
As we have seen in Chapter 1, the lanthanides react to phosphonic acids in a similar way to their 
transition metal counterparts, producing layered structures when reacted with non-bulky 
phosphonic acids such as phenylphosphonic acid and producing discrete clusters when reacted 
with sterically encumbered phosphonic acids in the presence of ancillary ligands.57,64,127 It 
seemed that a logical place to start would be with lanthanum, the first lanthanide. The 
lanthanide salts we opted to use for our crystallisations were the chloride hydrates, LnCl3•xH2O. 
As with the transition metals, the hydrate salts offered improved solubility in the solvent 
systems that we utilised when compared to the anhydrous counterparts. 
When (S)-bpa and lanthanum(III) chloride hexahydrate were dissolved in pyridine and stirred 
for 24 hours, a white precipitate had formed. This also occurred when mixtures of 
ethanol/pyridine and acetonitrile/pyridine were used. Thus, we turned to our layering 
technique, and after a surprisingly short time of two hours, colourless rhombohedral crystals 
had formed. Single-crystal X-ray diffraction revealed these crystals to be of a highly regular 
pentametallic lanthanum phosphonate cluster, (S)-54. Interestingly, when the chloride hydrate 
salts of cerium, praseodymium, neodymium and samarium were reacted in the same manner, 
they all produced isostructural phosphonates to that of lanthanum ((S)-55, (S)-56, (S)-57 and (S)-
58 respectively). This is not surprising, given the incredibly similar chemistry of the lanthanides. 
Indeed, a literature search reveals that other groups have prepared several isostructural 
lanthanide phosphonates.128 Figure 4.2 shows the structure of the pentametallic cerium 
phosphonate, (S)-55 and the same cluster with the binaphthyl groups omitted. Cerium was 


















(S)-55 (and indeed (S)-54 – (S)-58) can be described as a highly regular, four-fold rotationally-
symmetrical pentametallic cluster crystallising in the I2 space group. The cerium atoms form a 
cross-like arrangement with the periphery cerium atoms being capped by two aqua ligands. 
Each cerium is octahedrally coordinated with the central cerium (Ce1) adopting a square 
antiprismatic arrangement while the peripheral cerium atoms (Ce2 – Ce5) adopt a distorted 
square antiprismatic arrangement. Each of the eight phosphonate ligands are identical and bind 
in a [3.1121213] manner where the subscript 1, 2 and 3 refer to any three different cerium 
centres. The overall charge of the cluster was deduced to be 1– (15+ from the five Ce3+ atoms 
and 16– from the eight doubly deprotonated phosphonate ligands). This charge of 1– is 
supplemented by four pyridinium molecules hydrogen bonding to the oxygens of four of the 
phosphonates and three Cl– atoms which were found in the asymmetric unit. This overall charge 
of 1+ balances the 1– charge of the cluster. The bond lengths are summarised in Table 10. While 
the bond lengths for the other four lanthanide phosphonates are not shown, these were also 




Figure 4.2 Left: Structure of (S)-55 in the crystal, with binaphthyl groups represented as translucent sticks and 
hydrogen atoms omitted. Not shown are the three chloride counter-anions which balances the charge of the cluster. 
Right: Structure of the (S)-55 core in the crystal with Ce ellipsoids increased in size for ease of viewing. Also shown are 






Bond Length / Å Bond Length / Å Bond Length / Å 
Ce1-O2 2.520(5) Ce4-O9 2.505(6) P2-O5 1.535(6) 
Ce1-O3 2.476(6) Ce4-O10 2.467(6) P2-O6 1.524(6) 
Ce1-O4 2.453(6) Ce4-O13 2.483(6) P3-O7 1.505(7) 
Ce3-O2 2.545(5) Ce4-O14 2.483(6) P3-O8 1.535(6) 
Ce3-O5 2.432(6) Ce5-O7 2.453(6) P3-O9 1.524(6) 
Ce3-O8 2.432(5) Ce5-O11 2.520(5) P4-O10 1.503(6) 
Ce3-O11 2.545(5) Ce5-O12 2.476(6) P4-O11 1.545(5) 
Ce4-O1 2.467(6) P1-O1 1.503(6) P4-O12 1.537(6) 
Ce4-O5 2.524(5) P1-O2 1.545(5) O6…H1 1.736 
Ce4-O6 2.505(6) P1-O3 1.537(6) O9…H2 1.730 
Ce4-O8 2.524(5) P2-O4 1.505(7)   
 
 
As lanthanum is an f0 element, it contains no unpaired electrons and we were therefore able to 















Figure 4.3 Main: {1H}31P NMR spectrum of (S)-54 (ran in non-deuterated DMSO). Peak is at 5.86 ppm. Inset: Expansion 
of the pertinent region. For reference, uncoordinated (S)-bpa has a chemical shift of 12.40 ppm in this solvent. 






As can be seen, a single peak is present at 5.86 ppm. This correlates with the information 
provided by the crystal structure. There is one type of phosphonate present in (S)-54 – (S)-58 as 
previously mentioned, and thus it should follow that there would be one peak in the phosphorus 
NMR spectrum, which is what is seen. Furthermore, since (S)-54 – (S)-58 are completely 
isostructural with one another, the {1H}31P NMR spectrum, and indeed other NMR experiments, 
of (S)-54 can be used to probe NMR information of (S)-55 – (S)-58, which themselves cannot be 
ran, since these species are paramagnetic.  
Figure 4.4 shows the packing diagram of (S)-55. It can be seen that each cluster is oriented so 
that the binaphthyl groups of each layer have some interaction with one another. The minimum 
distance between one cluster and the other in the same layer is about 9.61 Å, with a multitude 















One interesting observation was that the Nd and Sm phosphonates crystallised in the 
orthorhombic space group P21212, unlike the monoclinic space group I2 which the La – Pr 
phosphonates crystallised in. The structures of the individual clusters remained unchanged, 
however.  







A literature search of the CCDC regarding the pentanuclear lanthanide architecture we had 
prepared revealed that no such other lanthanide phosphonate structure exists. These 
lanthanide phosphonate motifs are therefore completely novel. With the layering technique 
proving successful at preparing (S)-bpa phosphonate clusters of the first six lanthanides 
(excluding the radioactive promethium), we then proceeded to perform crystallisations on the 
remaining nine lanthanides (europium – lutetium). 
4.3 Coordination to Later Lanthanides, Eu – Tm, (S)-59 – (S)-65 
After samarium, europium was the next lanthanide in the series and initially we believed that 
the layering technique which had served us well for the previous lanthanides would also be 
viable in this instance. However, it was found that layering a pyridine solution of (S)-bpa on top 
of the normal solution of europium(III) chloride hexahydrate resulted in the formation of an 
insoluble precipitate almost immediately. 
Thus, after some solvent screenings, we found that mixing the lanthanide salt and (S)-bpa in 
ethanol and pyridine (3:1) for 24 hours before leaving the solution to slowly evaporate formed 
plate-like crystals after one week. All later lanthanides (Eu – Lu) were reacted in this manner. 
Single-crystal X-ray diffraction revealed that the lanthanide phosphonate clusters from 
europium to thulium were all hexametallic clusters which were isostructural with one another, 
similar to how the earlier lanthanide phosphonates (S)-54 – (S)-58 shared the same structure. 
The clusters (S)-59 – (S)-65 are shown in Figure 4.5, with the dysprosium phosphonate (S)-62, 










Figure 4.5 Left: Structure of (S)-62 in the crystal, with binaphthyl groups represented as translucent sticks and 
hydrogen atoms omitted. Also shown are the three chloride counter-anions which balances the charge of the cluster. 






Not only do (S)-59 – (S)-65 share the same structure with each other, but they are also 
isostructural with the yttrium phosphonate, (S)-52 (Chapter 3). This is perhaps to be expected, 
since yttrium itself behaves as a lanthanide – its dominant oxidation state is the +3 and it is often 
found in nature co-existing with other lanthanide ores. Much like (S)-52, (S)-62 and its 
counterparts possess two main types of binding modes for their phosphonate ligands – two bind 
in a monodentate configuration while the other five are bidentate. They also all crystallise in the 
P21 space group, much like (S)-52. Table 11 lists the pertinent bond lengths of (S)-62. While the 
bond lengths for the other five lanthanide phosphonates are not shown, these were also found 
to be consistent with similar lanthanide phosphonates in the literature.130 
Bond Length / Å Bond Length / Å Bond Length / Å 
Dy1-O2 2.159(9) Dy4-O12 2.374(9) P2-O7 1.496(9) 
Dy1-O7 2.244(8) Dy4-O16 2.295(9) P3-O8 1.531(10) 
Dy2-O1 2.310(9) Dy5-O1 2.397(8) P3-O9 1.515(10) 
Dy2-O4 2.276(8) Dy5-O13 2.319(8) P3-O10 1.497(9) 
Dy2-O5 2.258(8) Dy5-O14 2.472(8) P4-O11 1.516(9) 
Dy2-O8 2.469(9) Dy5-O15 2.332(8) P4-O12 1.532(9) 
Dy2-O9 2.329(9) Dy5-O18 2.206(8) P4-O13 1.510(9) 
Dy2-O11 2.305(8) Dy5-O20 2.494(8) P5-O14 1.542(9) 
Dy2-O14 2.304(8) Dy5-O21 2.416(8) P5-O15 1.504(9) 
Dy3-O1 2.420(8) Dy5-N1 2.562(10) P5-O16 1.500(9) 
Dy3-O3 2.269(8) Dy6-O19 2.265(8) P6-O17 1.512(9) 
Dy3-O5 2.526(8) Dy6-O22 2.308(8) P6-O18 1.523(9) 
Dy3-O6 2.401(8) P1-O2 1.508(9) P6-O19 1.504(9) 
Dy3-O17 2.279(8) P1-O3 1.495(9) P7-O20 1.518(9) 
Dy3-O20 2.352(8) P1-O4 1.533(9) P7-O21 1.525(9) 
Dy4-O8 2.333(9) P2-O5 1.541(9) P7-O22 1.527(9) 











The packing diagram of (S)-62 is shown in Figure 4.6. It can be seen that, like with (S)-55, layers 
of discrete clusters are present. The minimum distance between each cluster in one layer is 
about 3.37 Å, which is significantly shorter than the cluster-cluster distance in (S)-55 (9.61 Å). 
It was thought that the different methods of crystallisation were perhaps causing this change in 
structure. We therefore reacted (S)-bpa with CeCl3•7H2O and NdCl3•6H2O by dissolving both 
species in pyridine and stirring for 24 hours, before leaving to crystallise, as described above. 
Interestingly, in both cases, the pentametallic clusters formed again, which ruled out the 
possibility of reaction conditions dictating the resultant structure. Clearly this change was more 
intrinsic in origin.  
 
 
In the same manner as for the La – Sm lanthanides, (S)-54 – (S)-58, a literature search was 
conducted to ascertain whether these phosphonates architectures were known. A search of the 
CCDC returned no results, which means the motifs for the Eu – Tm phosphonates shown above 
(and by extension, the yttrium phosphonate) are also novel. The final lanthanide phosphonates 
which we prepared were of ytterbium and lutetium, (S)-66 and (S)-67 respectively. These were 
expected to retain the same structure as (S)-59 – (S)-65, but a final surprise awaited us when 
the crystal structures were elucidated. 
Figure 4.6 Left: Packing diagram of (S)-62 down the c-axis. Right: Packing diagram of (S)-62 down the a-axis. 









4.4 Coordination to Final Lanthanides, Yb and Lu, (S)-66 and (S)-67 
The final lanthanide phosphonates we prepared were of the ytterbium and lutetium analogues, 
(S)-66 and (S)-67 respectively. These were prepared in the same manner as the later lanthanide 
phosphonates (Eu – Tm). However, single-crystal X-ray diffraction revealed these to be of a 
different structure to the aforementioned lanthanide phosphonates. For one, these 
phosphonates crystallised in the orthorhombic space group P21212 (the same space group as 
the Nd and Sm phosphonates), as opposed to the monoclinic space group P21 that the Eu – Tm 
phosphonates crystallised in. Furthermore, inspection of the structure revealed some 
differences, although unlike the transition from the samarium to europium phosphonate, this 
change was more nuanced. Figure 4.7 shows the structure of the ytterbium phosphonate (S)-











As can be seen from Figure 4.7, (S)-66 and (S)-67 retain many characteristics as the Eu-Tm 
phosphonates – they still contain the μ3-OH– bridge, as well as the seven doubly-deprotonated 
(S)-bpa ligands. However, the Ln6 ion which would normally bind to the O19 and O22 oxygen 
atoms is no longer present, making the Yb and Lu clusters pentametallic. This has significant 
implications on the overall charge of the cluster – for these lanthanide phosphonates, the 
charges balance exactly (15+ from Yb3+ x 5 versus 15– from the seven doubly-deprotonated 
phosphonate ligands plus the 1– from the μ3-OH–). Furthermore, the two aqua ligands which 
would normally bind to the Ln3 ion have been substituted for another pyridine ligand. 
(S)-66 
Figure 4.7 Left: Structure of (S)-66 in the crystal, with binaphthyl groups represented as translucent sticks and 
hydrogen atoms omitted. Right: Structure of the (S)-66 core in the crystal with hydrogen atoms and chloride counter-





One final change concerns the binding configuration of the P7 phosphonate ligand. In the Eu-
Tm phosphonates, there was a bond between the O20 and Ln5 centres which is no longer 
present here. This changes the binding configuration of the P7 phosphonate from [3.2351516] to 
[2.13150], and as a consequence of no lanthanide ion present, the P6 phosphonate’s Harris 
configuration also changes from [3.131516] to [2.13150]. The pertinent bond lengths in Figure 4.7 
are listed in Table 12. Both the Yb and Lu phosphonate bond lengths were found to be consistent 
with similar lanthanide phosphonates in the literature.131 
Bond Length / Å Bond Length / Å Bond Length / Å 
Yb1-O2 2.149(6) Yb4-O8 2.278(6) P2-O7 1.510(7) 
Yb1-O7 2.241(6) Yb4-O11 2.471(5) P3-O8 1.529(7) 
Yb2-O1 2.302(5) Yb4-O12 2.339(6) P3-O9 1.543(7) 
Yb2-O4 2.240(5) Yb4-O16 2.268(6) P3-O10 1.465(8) 
Yb2-O5 2.239(5) Yb5-O1 2.311(5) P4-O11 1.542(6) 
Yb2-O8 2.416(6) Yb5-O13 2.263(5) P4-O12 1.535(6) 
Yb2-O9 2.305(6) Yb5-O14 2.466(6) P4-O13 1.496(6) 
Yb2-O11 2.267(5) Yb5-O15 2.288(5) P5-O14 1.537(6) 
Yb2-O14 2.285(6) Yb5-O18 2.202(5) P5-O15 1.510(7) 
Yb3-O1 2.342(5) Yb5-O21 2.178(5) P5-O16 1.506(6) 
Yb3-O3 2.174(6) Yb5-N1 2.475(7) P6-O17 1.510(7) 
Yb3-O5 2.434(6) P1-O2 1.522(7) P6-O18 1.517(5) 
Yb3-O6 2.337(6) P1-O3 1.519(7) P6-O19 1.517(7) 
Yb3-O17 2.267(6) P1-O4 1.544(6) P7-O20 1.522(6) 
Yb3-O20 2.167(6) P2-O5 1.550(6) P7-O21 1.512(5) 
Yb3-N2 2.478(8) P2-O6 1.518(7) P7-O22 1.511(7) 
 
Once again, a search of the CCDC returned no results for the motifs seen in (S)-66 and (S)-67. 
Thus, all of the lanthanide phosphonate structures shown here are of a completely novel 




















To conclude, 14 new lanthanide phosphonates (the entire series excluding promethium) were 
successfully prepared and analysed by single-crystal X-ray diffraction. The phosphonates 
adopted a highly regular pentametallic arrangement from lanthanum to samarium (Figure 4.2). 
However, from europium to thulium, the structures switched to highly irregular hexamatallic 
clusters (Figure 4.5). A final change in morphology was seen in ytterbium and lutetium, whose 
structures were almost identical to the europium – thulium structures, but with the loss of a 
peripheral lanthanide ion and the acquisition of an extra pyridine, as well as some binding 
configuration changes (Figure 4.7). These results have been summarised in Figure 4.9. This 
sudden change in morphology of lanthanide complexes is a known occurrence and can be 
attributed to the lanthanide contraction – the steadily decreasing ionic radius of the Ln3+ ions as 
one traverses across the series (see above). There have been numerous reports detailing this 
phenomenon in the literature.132 
In our case, one supporting piece of evidence regarding how ionic radius dictates the structure 
of the resultant lanthanide phosphonate lies in the structure of the yttrium phosphonate, (S)-
52. This shares the same structure as the later lanthanide phosphonates (Eu – Tm). The 
experimentally derived ionic radii of these M3+ ions (see below) reveals that the effective ionic 
radius across the whole lanthanide series drops from 125.78 pm (La3+) to 113.78 pm (Lu3+) for 
our lanthanide phosphonates, with the first change in structure occurring somewhere between 







121.59 and 119.72 pm (Sm3+ and Gd3+) respectively. The effective ionic radius of Y3+ was found 
to be 117.54 pm. This places its ionic radius between holmium and erbium in the series, whose 
ionic radii are 117.94 and 117.01 pm respectively, and these have already been established as 
forming the hexametallic cluster. Therefore, it follows that yttrium should also form the same 













Figure 4.10 Experimentally found ionic radii of the Ln3+ ions from the lanthanum phosphonate to lutetium 
phosphonate. The dashed line at 117.54 pm is the ionic radius of the yttrium phosphonate. 








































The experimental ionic radii of the lanthanide phosphonates were found empirically, utilising 
the crystal structures we had obtained. These were determined by compiling all Ln-O bonds for 
a given Ln-(S)-bpa phosphonate (Ln-N and Ln-OH2 bonds were disregarded) and averaging these 
values. Then, the mean value was divided by two to yield a length which represents ionic radial 
extension of the lanthanide ion. It should be noted that these values are not comparative with 
other ionic radii for lanthanide phosphonates in the literature, as the methodology used in these 
cases will differ. It is only sufficient for the purposes of comparing our lanthanide phosphonates. 
From Figure 4.10, it can be seen that the ionic radius generally decreases from La – Lu, which 
was to be expected. However, for the europium phosphonate ((S)-59), the ionic radius increases 
before falling sharply again in the gadolinium phosphonate ((S)-60). This is almost certainly not 
representative of reality and can probably be attributed to the lower quality of refinement for 
(S)-59 compared with the other lanthanide phosphonates. It was noted that when compiling the 
Eu-O bonds lengths, the bond lengths were given to three significant figures, as opposed to four 
significant figures for all other lanthanide phsosphonates. A future chemist working on this 
project would be wise to remake (S)-59 and have its X-ray data re-collected. 
As an addendum, while the promethium-(S)-bpa phosphonate was never made, we can predict 
that its ionic radius should fall between 122.71 and 121.59 pm. 
Dried and triturated samples of the Gd6 and Dy6 phosphonates ((S)-60 and (S)-62) were sent to 
the National EPR Facility and Service at the University of Manchester for ac susceptibility studies. 
These were chosen since Gd and Dy are intrinsically the most anisotropic lanthanides. 
Unfortunately, these phosphonates were found to not exhibit any slow magnetic relaxation. 
This was attributed to the lack of communication between the lanthanide centres – a 
consequence of the contracted ionic radii of the Ln3+ ions. The majority of lanthanide SMMs 
consist of monometallic octahedral lanthanide complexes with a z-axis distortion which gives 
rise to high anisotropy.25,26 Future endeavours should include the attempted preparation of 






4.5 Photophysical Properties of Eu Phosphonate, (S)-51 
We were eager to probe the photophysical properties of some of our lanthanide phosphonates, 
notably the europium phosphonate (S)-59 and the terbium phosphonate (S)-61, since Eu3+ and 
Tb3+ possess the most interesting photophysical properties. This is due to the emission 
properties of these two lanthanides – they emit in the visible region, producing a distinct red 
light for Eu3+ complexes and a green light for Tb3+ complexes. All of the other Ln3+ ions tend to 
emit in the infrared region.57 A screening of solvents for our clusters led to the conclusion that 
only dimethyl sulfoxide was capable of dissolving a reasonable quantity of material, and 
therefore this was the solvent which was used for all photophysical experiments. 
Unfortunately, the terbium phosphonate (S)-61 only produced very weak emission despite 
excitation at a number of wavelengths and concentrations. Even under simple illumination from 
a laboratory ultraviolet lamp, no characteristic green glow could be observed. We attributed 
this to the numerous aqua ligands which occupy the periphery of the cluster (Figure 4.5). It is 
known that unless complete encapsulation of the lanthanide ion is achieved, then significant 
quenching (in the form of non-radiative processes) will occur via the aqua ligands.23 Despite this, 
our europium phosphonate (S)-59 produced a strong red glow when illuminated (254 nm) and 
an emission spectrum was recorded (Figure 4.11). 
 
 
Figure 4.11 Main: Emission spectrum of (S)-59 (λex = 340 nm) with normalised intensity. Also shown are the main 





It was unclear as to why the europium phosphonate demonstrated strong fluorescence while 
the terbium phosphonate did not, despite the fact that the two clusters are isostructural with 
one another. Nevertheless, we had successfully prepared a chiral, fluorescent europium 
phosphonate. Each emission band in Figure 4.11 has been labelled with its corresponding 
transition. The small peak at 680 nm is the first harmonic, which occurs at values of 2n, 3n, 4n… 
where n is the wavelength of excitation, which in this case was 340 nm. The electronic dipole 
transition 5D0 → 7F2 – the most intense transition – is responsible for the characteristic red 
colour of most europium complexes. It is known that the intensity of this transition increases as 
the symmetry around the Eu(III) centre decreases, and if the Eu(III) atom lies on an inversion 
centre, this transition disappears completely.57 The result of this is an orange colour when 
fluorescing, due to the 5D0 → 7F0 and 5D0 → 7F1 transitions now taking precedence. In the case 
of (S)-59, none of the europium atoms lie on an inversion centre, and thus the 5D0 → 7F2 
dominates, leading to a red colour. These transitions are illustrated in the Eu3+ energy level 









Figure 4.12 Energy level diagram for Eu3+ with pertinent transitions outlined in red. As can be seen, spin-orbit coupling 





As can be seen in Figure 4.12, the majority of electronic transitions in these complexes are the 
f → f transitions. One interesting manifestation of these transitions are their unusual sharp 
emission bands produced in emission spectra. This is due to the fact that these f → f transitions 
are symmetrically forbidden by Laporte’s rules. Moreover, unlike in d → d transitions (such as 
those found in transition metal complexes), the 4f orbitals are essentially shielded – crystal field 
effects are virtually non-existent (represented by the negligible splitting of the J-levels in Figure 
4.51). This means a particular transition will always have the same energy regardless of the 
ligand bound to the Ln(III) ion – only the relative intensities change. In conclusion, we have 
successfully prepared a chiral fluorescent Eu(III) cluster in (S)-59. 
4.6 Conclusion 
We have successfully prepared 14 new chiral lanthanide phosphonates using (S)-bpa. The ability 
to coordinate and crystallise to each lanthanide in the series in a facile manner is further 
testament to the impressive versatility of our sterically encumbered ligand. Although our 
layering technique only worked for lanthanum to samarium, it was found that both stirring and 
layering produced the exact same pentametallic clusters in both cases. 
Coordination to all lanthanides (excluding promethium) in the series gave us insight into how 
the lanthanide contraction – more specifically, the decreasing ionic radii of the lanthanides from 
La to Lu – caused a change in morphology in our clusters. This was strongly supported by the 
fact that yttrium, whose ionic radius is akin to that of holmium, forms a cluster that is 
isostructural to that holmium (and indeed five other lanthanides) when reacted with (S)-bpa in 
the same manner. Furthermore, this phenomenon has been documented by other research 
groups (see above). 
Future work involving coordination of (S)-bpa to lanthanides should focus on preparing 
monometallic complexes. For instance, a Ln-(S)-bpa complex isostructural to the monometallic 
TM-(S)-bpa complexes such as (S)-37 would certainly be an interesting compound in terms of its 
SMM-like behaviour, since a single lanthanide ion would possess high intrinsic anisotropy. 
Furthermore, since it has been demonstrated that (S)-bpa is capable of forming mixed transition 
metal complexes in (S)-43, and as such, future work should focus on adopting these reaction 
conditions to potentially form mixed TM-Ln-(S)-bpa complexes. These types of compounds are 







Conclusion and Future Work 
To conclude, we have prepared a new sterically encumbered chiral phosphonic acid, (S)-bpa and 
used it to synthesise 27 new metal phosphonates – 13 transition metal and 14 lanthanide. To 
do this, we employed three synthetic methods – stirring the ligand and metal in solution, 
layering a solution of the ligand on top of a solution of the metal and the hydrothermal method. 
The latter two methods were used to prepare three cobalt phosphonates of three different 
dimensionalities. Further to this, we have demonstrated that it was possible to synthesise the 
analogous (R)-bpa and used it to prepare the corresponding (R)- cobalt phosphonates, (R)-37, 
(R)-38 and (R)-42. With regards to the magnetic susceptibility, the measurements for the three 
cobalt phosphonates (S)-37, (S)-38 and (S)-42 are still pending. However, we discovered that a 
known mononuclear Co(II) complex, 36, a by-product in the early crystallisation attempts of (S)-
37, demonstrated slow magnetic relaxation. We have since published these results. 
This change in phosphonate morphology by modification of the reaction conditions as seen in 
cobalt was also seen with manganese. Two manganese phosphonates, a monocuclear complex 
(S)-45 and a hexanuclear cluster (S)-48 were prepared by employing two different methods, 
layering and stirring following slow evaporation respectively. 
The successful coordination and crystal structure determination of (S)-bpa with all of the 
lanthanides (excluding promethium) was a promising result and granted us insight into how the 
decreasing ionic radii of the Ln3+ ions across the series dictated the resultant structure of the 
phosphonate. Three different morphologies were observed, the first from La – Sm, the second 
from Eu – Tm and the final in Yb and Lu. Furthermore, photophysical tests were conducted on 
the fluorescent europium phosphonate (S)-59 and an emission spectrum was recorded. 
Future work in this project should firstly focus on the preparation of mixed TM-Ln, TM-TM or 
Ln-Ln clusters. This is certainly feasible in ambient conditions, as we have demonstrated with 
the mixed Co3Sc3 cluster (S)-43. However, all avenues of synthetic methods (stirring, layering 
and hydrothermal method) should certainly be explored. Mixed TM-Ln phosphonates are likely 
to possess interesting magnetic properties due to the 3d-4f interactions increasing the ground 
spin-state (high spin-ground state is an essential prerequisite for an effective SMM).133  
The 2-dimensional cobalt sheet, (S)-42 was found to be ineffective at Baeyer-Villiger oxidations, 
although there are a plethora of other phosphonates which we have prepared that may 
demonstrate some other applications. For instance, a lanthanum-(S)-bpa phosphonate could be 





phosphonate prepared by Bein and co-workers which proved to possess high selectivity towards 
monovalent alkali cations.18 Another example is the iron phosphonate prepared by Bhaumik and 
co-works which demonstrated effectiveness at catalysing the conversion cyclohexanone to 
adipic acid in air and water.15d Perhaps our iron phosphonate (S)-48 could prove to be just as 
effective. 
Further crystallisation attempts on other first-row transition metals should also be attempted, 
namely in vanadium and chromium. While their potential applications are more limited when 
compared to cobalt, manganese and iron, it would nevertheless be interesting to see if the same 
[M((S)-bpa)2(Py)4] complexes form as with (S)-37, (S)-45, (S)-49, (S)-50 and (S)-53, or if a different 
structure is observed. Moreover, further crystallisation attempts on second-row transition 
metals could be attempted, particularly silver, as a significant number of silver phosphonates 
exist in the literature (see Chapter 3). 
It could be possible to prepare a number of potential derivatives of (S)-bpa. One such example 
is the 2’-hydroxy derivative, (R)-(2’-hydroxy-[1,1’-binaphthalen]-2-yl)phosphonic acid, (R)-hbpa 
(Figure 5.1). This could be prepared from (R)-binol in the same way that (S)-bpa is, with the only 
difference being there would be no reduction step – the phosphonylation would immediately 
follow the first mono-triflation. The additional hydroxyl group would certainly afford different 
architectures to (S)-bpa when coordinating this ligand to the same metals, and it would be 




While it may seem like we have prepared many structures, we have only scratched the surface 
of metal phosphonate chemistry. By adapting the reaction conditions, employing different 
bases than pyridine and using combinations of two or more metal salts, a near infinite number 
of crystallisations could be set up. We hope that this thesis provides a solid foundation with 
which to build and develop the ideas presented here.  
Figure 5.1 Structure of (S)-bpa and (R)-hpba. Both are derived from (R)-binol with the latter retaining its absolute 








Step (V) – the hydrolysis of (S)-34 to (S)-bpa – was performed using standard Schlenk line 
techniques under an atmosphere of nitrogen with oven dried glassware. CH2Cl2 (CaH2) was dried 
and distilled prior to use. All other ligand synthesis steps and coordination reactions were 
performed in air; solvents and reagents were of standard laboratory reagent grade and used 
without further purification.  
Chromatographic purifications were performed using Geduran® silica gel purchased from 
Fluorochem (40 – 63 μ, 60 Å). All NMR spectra (1H, 13C, 31P, 19F) were recorded on either a Bruker 
300 MHz or a JEOL 400 MHz spectrometer. Infrared spectra were recorded on a Varian 800 FT-
IR spectrometer. High resolution mass spectrometry analyses were performed at the National 
Mass Spectrometry Facility, Swansea using a Thermo Scientific LTQ Orbitrap XL apparatus. Thin 
layer chromatographic analyses were performed on Merck aluminium-backed plates (silica gel 
60, F254). UV illumination was provided by means of a UV light (λ = 254 nm) from UVP. Optical 
rotation values were determined with an Optical Activity Polaar 2001 device. Luminescence 
spectra were recorded on a Shimadzu RF-600 Spectro Fluorophotometer and data was 
processed on the Lab Solutions RF software. Hydrogenations were performed in glass reactors 
in a Buchi AG Miniclave system. EPR and SQUID analyses were performed at the EPSRC National 
Service for Electron Paramagnetic Resonance Spectroscopy at the University of Manchester. 
All crystal structure data, except those for 36, (S)-42, (R)-42, (S)-44, (S)-52, (S)-56, (S)-57, (S)-58, 
(S)-59, (S)-61, (S)-62, (S)-64, (S)-66 and (S)-67 were collected on an Xcalibur, Atlas, Gemini Ultra 
diffractometer equipped with an Oxford Cryosystems CryostreamPlus open-flow N2 cooling 
device. Data for (S)-45, (S)-49, (S)-50, (S)-53, (S)-54, (S)-60 and (S)-63 were collected using 
molybdenum radiation (λMoKα = 0.71073 Å) and for (S)-37, (R)-37, (S)-38, (R)-38, (S)-43, (S)-48, 
(S)-51, (S)-55 and (S)-65 using copper radiation (λCuKα = 1.54184 Å). All structures apart from (S)-
37, (R)-37, (S)-54, (S)-65, (S)-45 and (S)-51  had their intensities corrected for absorption 
empirically using spherical harmonics and for these structures by a multifaceted crystal model 
created by indexing the faces of the crystal for which data were collected.1 Data were collected 
at 150 K except in the case of (S)-50 and (S)-53 for which data were collected at 120 K and 210 
K respectively. Cell refinement, data collection and data reduction were undertaken via the 
software CrysAlisPro.2 





and (S)‐67 were collected at 100 K on beamline I19 at Diamond Light Source using synchrotron 
radiation (λ = 0.68890 Å) and the data processed using the software APEX2.3 All structures were 
solved using XT4 and refined by XL5 using the Olex2 interface.6 All non‐hydrogen atoms were 
refined anisotropically and hydrogen atoms were positioned with idealised geometry, with the 
exception of those bound to heteroatoms where the positions could be located using peaks in 
the Fourier difference map. The displacement parameters of the hydrogen atoms were 
constrained using a riding model with U(H) set to be an appropriate multiple of the Ueq value of 
the parent atom.  
To prepare (S)‐bpa, (R)‐binol was used and vice versa. To wash and dry all metal phosphonate 
crystals for analysis, the crystals were separated from the mother liquor, triturated, washed 
three times with ethanol (3 mL) and dried under vacuum at room temperature for 3 h. Any metal 
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Synthesis of (R)-31 
 
 
(R)-binol (8.00 g, 27.9 mmol, 1 eq.) was dissolved in CH2Cl2 (500 mL) before iPr2NEt (4.9 mL, 27.9 
mmol, 1 eq.) was added. The solution was cooled to 0 °C for 10 min before (CF3SO2)2O (4.7 mL, 
27.9 mmol, 1 eq.) was added dropwise, turning the clear solution pale purple. The solution was 
left stirring for 16 h at room temperature.  
The solution was then concentrated to roughly half of its volume and washed with H2O (100 
mL), 1 M HCl (100 mL) and brine (100 mL) and the combined organic phases were dried over 
MgSO4 before being reduced in vacuo. CH2Cl2 (50 mL) and Et3N (20 mL) were added to the 
resultant oil. Dark yellow crystals formed after 24 h and were subsequently washed with H2O (3 
x 15 mL) and acetone (3 x 15 mL). Pale yellow crystals of the triethylamine salt were obtained. 
These were redissolved in CH2Cl2 (50 mL) and washed with H2O (50 mL) and 1 M HCl (50 mL). 
The combined organics were dried over MgSO4, filtered and reduced in vacuo. This yielded the 
title product, a white solid (10.8 g, 25.8 mmol, 92 %).  
αD = +166.4 (1.112 g/100 cm3, CH2Cl2, 20 °C). 
Rf = 0.25 (Toluene). 
1H NMR (300 MHz, CDCl3): δ = 8.03 (d, 1H, ArH), δ = 7.93 (d, 1H, ArH), δ=7.88 (d, 1H, ArH), δ = 
7.79 (d, 1H, ArH), δ = 7.53 – 7.46 (m, 2 H, ArH), δ = 7.39 – 7.31 (m, 2H, ArH), δ = 7.29 – 7.16 (m, 
3H, ArH), δ = 6.91 (d, 1H, ArH), δ = 4.81 (broad s, 1H, OH) ppm. 
13C NMR (75 MHz, CDCl3): δ = 151.78 (ArC), δ = 146.16 (ArC), δ = 133.26 (ArC), δ = 133.20 (ArC), 
δ = 132.92 (ArC), δ = 131.64 (ArC), δ = 131.42 (ArC), δ = 129.12 (ArC), δ = 128.50 (ArC), δ = 128.36 
(ArC), δ = 128.24 (ArC), δ = 127.61 (ArC), δ = 127.06 (ArC), δ = 126.46 (ArC), δ = 124.19 (ArC), δ 
= 123.82 (ArC), δ = 120.35 (ArC), δ = 119.83 (ArC), δ = 117.89 (ArC), δ = 112.06 (ArC) ppm. 





HRMS (NSI Full, (CH2Cl2/MeOH, NH4OAc): m/z [M + NH4]+ calcd for C20H14F3O4S: 436.0825; found 
436.0813. 
IR (neat / cm-1): 3300 (w), 1206 (s), 1138 (s). 
Synthesis of (S)-32 
 
 
(R)-31 (2.7 g, 6.5 mmol, 1 eq.) was dissolved in EtOH (40 mL). The solution was transferred to a 
miniclave vessel along with Et3N (8.2 mL, 58.8 mmol, 3 eq.) and 10% Pd/C (200 mg, 1.88 mmol, 
0.01 eq.). The suspension was stirred at 7 bar H2 for 48 h, after which TLC analysis indicated 
complete consumption of the starting material.  
The black suspension was filtered twice to remove the Pd/C residues and the solvent removed 
in vacuo. CH2Cl2 (50 mL) was then added to the solution. The organic phase was washed with 
H2O (50 mL), 1 M HCl (50 mL), 1 M NaHCO3 (50 mL) and brine (50 mL), before being dried over 
MgSO4. A pale yellow solid of the title product was obtained after concentrating the solution in 
vacuo (1.39 g, 5.16 mmol, 80 %). 
αD = –103.4 (1.112 g/100 cm3, CH2Cl2, 20 °C) 
Rf = 0.50 (Toluene). 
1H NMR (300 MHz, CDCl3): δ = 7.85 (t, 2H, ArH), δ = 7.75 (dd, 2H, ArH), δ = 7.52-7.47 (m, 1H, 
ArH), δ = 7.41 – 7.36 (m, 1H, ArH), δ = 7.29 – 7.17 (m, 4H, ArH), δ = 7.13 – 7.07 (m, 1H, ArH), δ = 
6.98 (d. 1H, ArH),  δ = 4.80 (s, 1H, OH) ppm. 
13C NMR (75 MHz, CDCl3): δ = 151.02 (ArC), δ = 134.25 (ArC), δ = 133.98 (ArC), δ = 132.90 (ArC), 
δ = 131.53 (ArC), δ = 129.94 (ArC), δ = 129.71 (ArC), δ = 129.28 (ArC), δ = 129.00 (ArC), δ = 128.53 
(ArC), δ = 128.08 (ArC), δ = 126.93 (ArC), δ = 126.62 (ArC overlapping), δ = 126.62 (ArC 
overlapping), δ = 126.07 (ArC), δ = 125.86 (ArC), δ = 125.04 (ArC), δ = 123.43 (ArC), δ = 118.82 





HRMS (NSI Full, (CH2Cl2/MeOH, NH4OAc): m/z [M + H]+ calcd for C20H14O: 271.1117; found 
271.1121. 
IR (neat / cm-1): 3280 (br). 
Alternative Synthesis of (S)-32 
 
 
(R)-31 (1 g, 2.39 mmol, 1 eq.) was added to a Schlenk flask, followed by 10% Pd/C (100 mg, 0.94 
mmol, 0.01 eq.), Mg turnings (55 mg, 2.3 mmol, 1.2 eq.) and NH4OAc (148 mg, 1.9 mmol, 1 eq.). 
The solids were dissolved in anhydrous MeOH (13 mL) and the solution was degassed for 120 s. 
The reaction was heated at 65 °C under a nitrogen atmosphere for 72 h. TLC analysis indicated 
complete consumption of starting material. The suspension was cooled and filtered through 
Celite before being reduced in vacuo. This yielded the title compound – a white solid (0.54 g, 
1.98 mmol, 83%). 
Synthesis of (S)-33 
 
 
(S)-32 (2.43 g, 8.99 mmol, 1 eq.) was dissolved in CH2Cl2 (35 mL) before pyridine (1.1 mL, 13. 49 
mmol, 1.5 eq.) was added. The solution was cooled to 0 °C for 10 min before (CF3SO2)2O (2.3 mL, 
13.67 mmol, 1.5 eq.) was added dropwise. The reaction was left stirring at room temperature 
for 2 h. The organic phase was washed with H2O (50 mL), 1 M HCl (50 mL), 1 M NaHCO3 (50 mL) 
and brine (50 mL) before being dried over MgSO4 and concentrated in vacuo to yield a pale 





Rf = 0.9 (Toluene) 
αD = –28.6 (1.112 g/100 cm3, CH2Cl2, 20 °C) 
1H NMR (300 MHz, CDCl3): δ = 8.04 (t, 2H, ArH), δ = 7.97 (t, 2H, ArH), δ = 7.67 – 7.62 (m, 1H, 
ArH), δ = 7.59 – 7.47 (m, 4H, ArH), 7.41-7.29 (m, 3H, ArH), 7.21 (d, 1H, ArH) ppm. 
13C NMR (75 MHz, CDCl3): δ = 144.95 (ArC), δ = 133.85 (ArC), δ = 133.61, δ = 132.49 (ArC), δ = 
132.42 (ArC), δ = 130.84 (ArC) δ = 130.55 (ArC), δ = 130.43 (ArC), δ = 129.27 (ArC), δ = 129.12 
(ArC), δ = 128.38 (ArC), δ = 128.12 (ArC), δ = 127.56 (ArC), δ = 127.07 (ArC), δ = 127.04 (ArC), δ 
= 126.46 (ArC), δ = 126.11 (ArC), δ = 125.59 (ArC), δ = 125.22 (ArC), δ = 119.49 (ArC) ppm.  
19F NMR (282 MHz, CHCl3): δ = –74.48 ppm. 
HRMS (NSI Full, (CH2Cl2/MeOH, NH4OAc): m/z [M + NH4]+ calcd for C20H14F3O4S: 436.0825; found 
436.0813. 
IR (neat / cm-1): 3300 (br), 1206 (s), 1138 (m). 
Synthesis of (S)-34 
 
 
(S)-33 (3 g, 7.5 mmol, 1 eq.), Pd(OAc)2 (84 mg, 0.37 mmol, 0.05 eq.) and Ph2P(CH2)3PPh2 (dppp) 
(231 mg, 0.56 mmol, 0.075 eq.) were dissolved in DMSO (30 mL) in a Schlenk flask. The reaction 
mixture was stirred for 10 min under a nitrogen atmosphere before Et3N (1.6 mL, 21.78 mmol, 
1.5 eq.) and HP(O)(OEt)2 (2.5 g, 18.1 mmol, 1.2 eq.) were added. The solution was then heated 
to 90 °C and left stirring for 16 h. 
H2O (30 mL) was added to the mixture and a white suspension immediately formed. The 
suspension was extracted with CH2Cl2 (80 mL) and the organic layer was washed with brine (3 x 
50 mL) before being dried over MgSO4 and concentrated in vacuo. The resulting yellow oil was 





fractions were concentrated in vacuo and a yellow oil was formed. The oil was left to crystallise, 
yielding the title product – pale yellow crystals (2.1 g, 5.38 mmol, 72 %). 
Rf = 0.30 (EtOAc/Petroleum ether 40-60 °C 2:1) 
αD = –28.6 (1.112 g/100 cm3, CH2Cl2, 20 °C) 
1H NMR (300 MHz, CDCl3): δ = 8.24 (dd, 1H, ArH), 8.05 (dd, 1 H, ArH), 8.01 – 7.94 (m, 3H, ArH), 
7.65 – 7.58 (m, 1H, ArH), 7.57 – 7.51 (m, 2H, ArH), 7.46 (dt, 1H, ArH), 7.32 – 7.19 (m, 4H, ArH), 
7.11 (d, 1H, ArH), 3.86 – 3.52 (m, 4H, ArH), 1.01 (t, 3H, CH2), 0.74 (t, 3H, CH3) ppm. 
13C NMR (75 MHz, CDCl3): δ = 135.92 (ArC), δ = 135.85 (ArC), δ = 134.94 (ArC), δ = 134.90 (ArC), 
δ = 133.36 (ArC), δ = 133.12 (ArC), δ = 128.75 (ArC), δ = 128.70 (ArC), δ = 128.61 (ArC), δ = 128.25 
(ArC), δ = 128.01 (ArC), δ = 127.92 (ArC), δ = 127.83 (ArC), δ = 127.77 (ArC), δ = 127.58 (ArC), δ 
= 127.45 (ArC), δ = 126.70 (ArC), δ = 125.87 (ArC), δ = 125.60 (ArC), δ = 124.94 (ArC) ppm. 
31P{1H} NMR (121 MHz, CDCl3): δ = 17.93 ppm. 
HRMS (NSI Full, (CH2Cl2/MeOH, NH4OAc): m/z [M + H]+ calcd for C24H23O3P: 391.1458; found 
391.1454. 
IR (neat / cm-1): 1240 (s), 1019 (m). 
Synthesis of (S)-bpa 
 
 
(S)-34 (1.00 g, 2.56 mmol, 1 eq.) was dissolved in anhydrous CH2Cl2 (5 mL) under a nitrogen 
atmosphere before (CH3)3SiBr (1.86 mL, 14.1 mmol, 5 eq.) was added dropwise. The solution 
was left to stir at room temperature for 16 h.  
After 16 h, the solvent was evaporated in the Schlenk flask forming a yellow residue. The residue 
was redissolved in MeOH (2 mL) and stirred for 5 min until complete dissolution was achieved. 





organic layer was washed with brine (3 x 50 mL) before being concentrated in vacuo.  This 
yielded (S)-bpa – a white solid (0.765 g, 2.29 mmol, 90 %). 
Rf = 0.12 (EtOAc/MeOH 2:1) – solution had 3 drops of 2 M ethereal HCl added. 
αD = –28.6 (1.112 g/100 cm3, CH2Cl2, 20 °C) 
1H NMR (300 MHz, CDCl3): δ = 7.98 (dd, 0.5 H, ArH), δ = 7.81 (m, 3H, ArH), δ = 7.58 (t, 1H, ArH), 
δ = 7.45 (m, 2H, ArH), δ = 7.30 (dt, 1H, ArH), δ = 7.15 (m, 2H, ArH), δ = 7.05 (dt, 1H, ArH), δ = 
6.95 (m, 1.5H, ArH), δ = 6.85 (t, 0.5H, ArH), δ = 6.73 (d, 0.5H, ArH), δ = 5.63 (broad s, 1H, OH) 
ppm. 
13C NMR (101 MHz, CDCl3): δ = 128.93 (ArC), δ = 127.92 (ArC), δ = 127.88 (ArC), δ = 127.84 (ArC), 
δ =127.80 (ArC), δ = 127.73 (ArC), δ = 127.64 (ArC), δ = 127.58 (ArC), δ = 127.36 (ArC), δ = 127.30 
(ArC), δ = 127.22 (ArC), δ = 126.67 (ArC), δ = 126.29 (ArC), δ = 125.87 (ArC), δ = 125.86 (ArC), δ 
= 125.69 (ArC), δ = 125.39 (ArC), δ = 125.34 (ArC), δ = 125.27 (ArC), δ = 125.11 (ArC) ppm.  
31P{1H} NMR (121 MHz, CDCl3): δ = 12.78 ppm.  
HRMS (NSI Full, (CH2Cl2/MeOH, NH4OAc): m/z [M - H]- calcd for C20H15O3P: 333.0686; found 
333.0682. 






Synthesis of 36 
 
 
Co(OAc)2•4H2O (373 mg, 1.5 mmol, 1 eq.) was dissolved in MeOH (5 mL). This was stirred for 5 
min before slowly being added to a solution of pyridine (0.5 mL, 6 mmol, 4 eq.) in CH3CN (2.5 
mL). The new solution was stirred for 5 min at room temperature and set aside to crystallise in 
open air. After 3 days, pink rhombohedral crystals of 36 were obtained. 
Yield: 289 mg, 0.8 mmol, 51% 
HRMS (FTMS + p APCI corona Full, (MeOH): m/z [M - H]+ calcd for C20H15O3P: 371.2560; found 
369.8336. 
Anal. Calc. for C14H20N2O6Co (Mr = 371.26 g mol-1): C, 45.29; H, 5.43; N, 7.55. Found: C, 46.75; H, 
5.30; N, 7.81. 
IR (neat / cm-1): 3317 (w), 3082 (w), 1699 (s), 1609 (m), 1548 (m), 1419 (w), 1325 (s), 1241 (s), 
















(R)/(S)-bpa (33 mg, 0.1 mmol, 1 eq.), Co(NO3)2•6H2O (29 mg, 0.1 mmol, 1 eq.), NaOH (8 mg, 0.2 
mmol, 2 eq.), EtOH (2 mL) and H2O (2 mL) were loaded into a Teflon-lined stainless steel reactor. 
This was placed into an oven and heated to 160 °C for 72 h before being cooled at a rate of 0.1 
°C/min. Blue needles of were (R)/(S)-38 were obtained. 
IR (neat / cm-1): 3054 (w), 1501 (s), 1367 (s), 1165 (w), 1103 (m), 1025 (m), 985 (m), 938 (s), 816 
(w), 798 (s), 779 (m), 769 (m), 736 (w), 691 (w), 676 (s), 661 (m), 640 (m), 619 (m), 573 (w), 524 


















(R)/(S)-bpa (33 mg, 0.1 mmol, 1 eq.), Co(NO3)2•6H2O (29 mg, 0.1 mmol, 1 eq.), 4,4’-bipyridine (8 
mg, 0.05 mmol, 0.5 eq.), EtOH (2 mL) and H2O (2 mL) were loaded into a Teflon-lined stainless 
steel reactor. This was placed into an oven and heated to 160 °C for 72 h before being cooled at 
a rate of 0.1 °C/min. Lustrous blue needles of were (R)/(S)-42 were obtained. 
IR (neat / cm-1): 3044 (w), 1607 (s), 1534 (s), 1501 (m), 1414 (m), 1218 (s), 1118 (w), 1067 (w), 
1044 (w), 998 (m), 943 (s), 865 (m), 810 (m), 772 (s), 741 (w), 691 (m), 661 (w), 639 (m), 564 (m), 
















(S)-bpa (33 mg, 0.1 mmol, 1 eq.) was dissolved in pyridine in a medium-sized vial. In another 
medium sized vial, Co(OAc)2•4H2O (13 mg, 0.05 mmol, 0.5 eq.) and Sc(OTf)3 (26 mg, 0.05 mmol, 
0.5 eq.) were dissolved in a mixture of H2O (1 mL), EtOH (1.5 mL) and MeCN (1.5 mL) and stirred 
for 5 min until complete dissolution was achieved. The pyridine solution containing the ligand 
was then carefully layered on top of the cobalt and scandium solution. Parafilm was placed over 
the vial and three holes were perforated. After 24 h, dark blue dendritic crystals of (S)-43 
formed. 
IR (neat / cm-1): 2981 (w), 1606 (s), 1447 (s), 1366 (m), 1257 (s), 1142 (w), 1093 (w), 1067 (m), 











Synthesis of Monometallic Co, Mn, Ni, Cu, Cd Phosphonates (S)-37, 45, 




(S)-bpa (33 mg, 0.1 mmol, 1 eq.) was dissolved in pyridine (1 mL) in a medium-sized vial. In a 
separate vial, the appropriate metal diacetate hydrate (dichloride in the case of Mn and 
dinitrate in the case of Cd) (0.1 mmol, 1 eq.) was dissolved in a mixture of H2O (0.5 mL), EtOH (1 
mL) and MeCN (1 mL) and stirred for 5 min until complete dissolution was achieved. The pyridine 
solution containing the ligand was then carefully layered on top of the metal solution. Parafilm 
was placed over the vial and three holes were perforated. After 24 h, crystals of the desired 
monometallic phosphonate formed. 
IR (neat / cm-1) Co: 3056 (w), 2324 (w), 1725 (s), 1597 (s), 1442 (m), 1363 (w), 1216 (s), 1140 
(m), 1098 (w), 1064 (m), 921 (s), 751 (m), 702 (m), 509 (m), 426 (w). 
Co: αD = –33.81 (0.278 g/100 cm3, DMSO, 20 °C). 
IR (neat / cm-1) Mn: 2981 (w), 1596 (s), 1573 (m), 1489 (w), 1442 (s), 1364 (m), 1253 (s), 1232 
(w), 1218 (w), 1147 (m), 1063 (m), 923 (w), 826 (m), 780 (w), 752 (m), 703 (m), 691 (w), 637 (s), 
573 (m), 510 (w), 417 (m). 
Mn: αD = –10.07 (0.278 g/100 cm3, DMSO, 20 °C). 
IR (neat / cm-1) Ni: 3056 (w), 2652 (w), 2324 (w), 1726 (s), 1599 (s), 1574 (m), 1557 (w), 1500 
(w), 1486 (w), 1442 (m), 1362 (m), 1314 (w), 1254 (w), 1233 (s), 1215 (w), 1146 (w), 917 (m), 





Ni: αD = +25.2 (0.5 g/100 cm3, DMSO, 20 °C). 
IR (neat / cm-1) Cu: 3002 (w), 2946 (w), 2886 (w), 2631 (m), 2341 (w), 1823 (w), 1621 (s), 1598 
(m), 1485 (m), 1446 (w), 1436 (w), 1352 (m), 1217 (s), 1070 (w), 1050 (w), 1037 (m), 1008 (s), 
899 (m), 822 (s), 799 (m), 764 (m), 705 (m). 
Cu: αD = Unable to measure – insoluble. 
IR (neat / cm-1) Cd: 3060 (w), 3040 (w), 2361 (w), 1597 (s), 1574 (m), 1557 (w), 1506 (s), 1490 
(m), 1445 (m), 1362 (w), 1314 (w), 1253 (s), 1233 (m), 1218 (m), 1149 (w), 1108 (w), 1066 (w), 
1034 (s), 1006 (w), 953 (m), 922 (m), 871 (m), 825 (m), 793 (s), 780 (w), 752 (w), 703 (m), 693 
(w). 









(S)-bpa (33 mg, 0.1 mmol, 1 eq.) and Sc(OTf)3 (25 mg, 0.05 mmol, 0.5 eq.) were dissolved in 
pyridine (3 mL). This was stirred at room temperature for 24 h before being filtered. The filtrate 
was transferred to another vial. Parafilm was placed over the vial and three holes were 
perforated. After two weeks, colourless blocks of (S)-44 were obtained. 
31P{1H} NMR (121 MHz, DMSO): δ = 7.21, 2.93, –3.95 ppm; δ = 11.66 ppm (after addition of 1 
drop 2 M HCl to NMR tube). 
IR (neat / cm-1): 3058 (w), 1618 (s), 1489 (m), 1224 (s), 1166 (m), 1069 (m), 1026 (m), 824 (w), 
804 (w), 784 (m), 774 (m), 748 (m), 679 (w), 662 (w), 637 (s), 617 (w), 518 (m), 573 (m). 










(S)-bpa (33 mg, 0.1 mmol, 1 eq.) and Mn(OAc)2•4H2O (25 mg, 0.1 mmol, 1 eq.) were dissolved in 
acetonitrile (3 mL) before pyridine (1 mL) was added. This was stirred at room temperature for 
24 h before being filtered. The filtrate was transferred to another vial. Parafilm was placed over 
the vial and three holes were perforated. After two weeks, dark brown blocks of (S)-46 were 
obtained. 
IR (neat / cm-1): 3053 (w), 2982 (w), 1558 (s), 1506 (w), 1446 (m), 1256 (s), 1121 (w), 1068 (m), 
1012 (m), 968 (m), 940 (m), 869 (w), 824 (w), 782 (m), 747 (m), 692 (w), 638 (s), 615 (w). 











(S)-bpa (33 mg, 0.1 mmol, 1 eq.) and FeCl3•6H2O (27 mg, 0.1 mmol, 1 eq.) were dissolved in 
ethanol (3 mL) before pyridine (1 mL) was added. This was stirred at room temperature for 24 
h before being filtered. The filtrate was transferred to another vial. Parafilm was placed over 
the vial and three holes were perforated. After two weeks, yellow blocks of (S)-48 were 
obtained. 
IR (neat / cm-1): 3053 (w), 1605 (s), 1488 (s), 1446 (w), 1366 (s), 1069 (w), 996 (m), 826 (m), 801 
(m), 781 (w), 772 (m), 747 (w), 691 (m), 679 (w), 661 (m), 638 (m), 616 (w), 568 (s), 534 (w), 515 
(m), 435 (m). 










(S)-bpa (33 mg, 0.1 mmol, 1 eq.), Zn(OAc)2•2H2O (22 mg, 0.1 mmol, 1 eq.), pyridine (0.25 mL), 
EtOH (1 mL) and H2O (1 mL) were loaded into a Teflon-lined stainless steel reactor. This was 
placed into an oven and heated to 160 °C for 72 h before being cooled at a rate of 0.1 °C/min. 
Colourless needles of (S)-51 were obtained. 
IR (neat / cm-1): 3048 (w), 1610 (s), 1534 (m), 1413 (w), 1218 (s), 1121 (m), 1044 (w), 998 (m), 




















(S)-bpa (33 mg, 0.1 mmol, 1 eq.) and YCl3•6H2O (30 mg, 0.05 mmol, 0.5 eq.) were dissolved in 
pyridine (3 mL). This was stirred at room temperature for 24 h before being filtered. The filtrate 
was transferred to another vial. Parafilm was placed over the vial and three holes were 
perforated. After two weeks, colourless blocks of (S)-52 were obtained. 
31P{1H} NMR (121 MHz, DMSO): δ = 11.17, 3.76 ppm. 
IR (neat / cm-1): 3051 (w), 1591 (s), 1442 (m), 1122 (s), 1045 (w), 989 (s), 941 (w), 803 (m), 783 













(S)-bpa (33 mg, 0.1 mmol, 1 eq.) was dissolved in pyridine (1 mL) in a medium-sized vial. In a 
separate vial, the appropriate lanthanide salt hydrate (0.1 mmol, 1 eq.) was dissolved in a 
mixture of H2O (0.5 mL), EtOH (1 mL) and MeCN (1 mL) and stirred for 5 min until complete 
dissolution was achieved. The pyridine solution containing the ligand was then carefully layered 
on top of the lanthanide salt solution. Parafilm was placed over the vial and three holes were 
perforated. After 24 h, crystals of the desired lanthanide phosphonate formed. 
La: 31P{1H} NMR (121 MHz, DMSO): δ = 5.85 ppm. 
IR (neat / cm-1) La: 3055 (w), 1591 (s), 1489 (m), 1133 (s), 1015 (w), 975 (m), 936 (m), 867 (m), 
826 (s), 803 (w), 783 (m), 774 (m), 747 (s), 681 (w), 663 (w), 639 (w), 617 (m), 575 (w), 555 (m), 
536 (m), 523 (w), 491 (m), 447 (w), 411 (m). 
La: αD = +23.74 (0.278 g/100 cm3, DMSO, 20 °C). 
IR (neat / cm-1) Ce: 3338 (w), 1618 (s), 1489 (w), 1364 (w), 1311 (w), 1135 (s), 1016 (w), 978 (s), 
962 (m), 937 (s), 868 (m), 826 (w), 804 (w), 783 (w), 774 (m), 747 (s), 681 (m), 663 (m), 639 (m), 
617 (w), 575 (w), 556 (s), 535 (w), 523 (m), 492 (m), 449 (w), 411 (m). 





IR (neat / cm-1) Pr: 3315 (w), 1618 (s), 1489 (m), 1135 (s), 1016 (m), 978 (w), 962 (w), 937 (s), 
827 (w), 804 (m), 783 (s), 748 (w), 681 (m), 663 (m), 639 (m), 617 (s), 575 (w), 557 (m), 535 (m), 
523 (m), 493 (w), 450 (s), 412 (w). 
Pr: αD = +38.85 (0.278 g/100 cm3, DMSO, 20 °C). 
IR (neat / cm-1) Nd: 3056 (w), 1591 (s), 1558 (w), 1490 (m), 1364 (w), 1312 (w), 1256 (w), 1135 
(s), 1045 (m), 1014 (m), 978 (w), 961 (w), 936 (m), 867 (m), 774 (w), 747 (m), 690 (m), 680 (w), 
663 (s), 639 (w), 617 (m). 
Nd: αD = +30.22 (0.278 g/100 cm3, DMSO, 20 °C). 
IR (neat / cm-1) Sm: 3309 (w), 1591 (s), 1501 (w), 1070 (s), 1025 (w), 986 (m), 941 (w), 804 (m), 
783 (m), 746 (m), 690 (m), 679 (s), 662 (w), 640 (s), 617 (w), 576 (m), 523 (m), 447 (w), 411 (m). 







Synthesis of Eu, Gd, Tb, Dy, Ho, Er, Tm Phosphonates (S)-59, 60, 61, 62, 




(S)-bpa (33 mg, 0.1 mmol, 1 eq.) and the appropriate lanthanide (0.1 mmol, 1 eq.) were 
dissolved in in ethanol (3 mL) and pyridine (1 mL). This was stirred at room temperature for 24 
h before being filtered. The filtrate was transferred to another vial. Parafilm was placed over 
the vial and three holes were perforated. After two weeks, colourless blocks of the desired 
lanthanide phosphonate were obtained. 
IR (neat / cm-1) Eu: 2980 (w), 1044 (s), 984 (w), 941 (m), 783 (m), 746 (s), 640 (w), 618 (m), 577 
(m), 524 (w). 
Eu: αD = –9.35 (0.278 g/100 cm3, DMSO, 20 °C). 
IR (neat / cm-1) Gd: 3304 (w), 1591 (s), 1502 (w), 1072 (s), 1045 (m), 990 (m), 941 (m), 805 (w), 
783 (s), 745 (w), 691 (m), 678 (m), 662 (m), 640 (m), 617 (m), 576 (s), 524 (m), 443 (m), 411 (w). 
Gd: αD = –3.60 (0.278 g/100 cm3, DMSO, 20 °C). 
IR (neat / cm-1) Tb: 3308 (w), 1618 (s), 1502 (m), 1073 (s), 1045 (m), 992 (m), 942 (m), 805 (w), 
784 (w), 774 (w), 745 (m), 691 (m), 678 (s), 662 (m), 640 (w), 618 (m), 576 (m), 524 (w), 450 (w). 





IR (neat / cm-1) Dy: 3300 (w), 1618 (s), 1501 (w), 1364 (s), 1074 (w), 1045 (m), 993 (m), 942 (w), 
868 (m), 805 (m), 784 (w), 774 (m), 746 (w), 691 (m), 679 (m), 663 (w), 640 (m), 618 (s), 577 (m), 
524 (w), 450 (m). 
Dy: αD = –25.90 (0.278 g/100 cm3, DMSO, 20 °C). 
IR (neat / cm-1) Ho: 3300 (w), 1591 (s), 1503 (m), 1365 (s), 1075 (w), 1045 (m), 993 (m), 942 (w), 
868 (w), 805 (m), 784 (s), 774 (w), 745 (s), 691 (m), 678 (m), 663 (w), 640 (m), 618 (s), 576 (m), 
524 (m), 449 (w), 411 (m). 
Ho: αD = –19.42 (0.278 g/100 cm3, DMSO, 20 °C). 
IR (neat / cm-1) Er: 3308 (w), 1618 (s), 1080 (w), 1045 (s), 995 (m), 942 (m), 805 (m), 784 (w), 746 
(m), 691 (w), 679 (m), 662 (s), 640 (w), 618 (m), 576 (m), 524 (w), 450 (m), 411 (w). 
Er: αD = –4.32 (0.278 g/100 cm3, DMSO, 20 °C). 
IR (neat / cm-1) Tm: 3326 (w), 1630 (s), 1502 (w), 1489 (w), 1365 (m), 1314 (s), 1214 (m), 1167 
(m), 1106 (s), 1073 (w), 1046 (w), 1007 (m), 977 (s), 943 (w), 818 (m), 804 (m), 784 (w), 774 (w), 
746 (s), 690 (m), 678 (w), 662 (m), 640 (m), 618 (m), 575 (w), 523 (m), 450 (m). 











(S)-bpa (33 mg, 0.1 mmol, 1 eq.) and the appropriate lanthanide (0.1 mmol, 1 eq.) were 
dissolved in ethanol (3 mL) and pyridine (1 mL). This was stirred at room temperature for 24 h 
before being filtered. The filtrate was transferred to another vial. Parafilm was placed over the 
vial and three holes were perforated. After two weeks, colourless blocks of the desired 
lanthanide phosphonate were obtained. 
IR (neat / cm-1) Yb: 3338 (w), 1636 (s), 1543 (w), 1488 (m), 1365 (m), 1313 (w), 1124 (s), 1079 
(m), 997 (m), 951 (m), 922 (w), 869 (m), 804 (m), 783 (w), 774 (m), 745 (s), 677 (w), 662 (m), 639 
(w), 616, 573 (s), 519 (m), 443 (m). 
Yb: αD = +12.95 (0.278 g/100 cm3, DMSO, 20 °C). 
IR (neat / cm-1) Lu: 3297 (w), 1618 (s), 1502 (w), 1365 (m), 1109 (s), 1075 (m), 1046 (w), 1010 
(m), 943 (m), 868 (w), 805 (w), 784 (m), 774 (m), 746 (w), 691 (m), 679 (s), 662 (m), 640 (m), 618 
(m), 576 (w), 524 (m), 450 (m). 
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Table of Screenings for the Layering, Stirring and Hydrothermal 
Synthesis 
Below is a comprehensive list of all solvent conditions as well as molar equivalent variations 
attempted in order to prepare suitable crystals for each of the three methods (stirring, layering 
and hydrothermal route) used to prepare (S)-bpa phosphonates. These were attempted for all 















Stir / Hyd. 0.1 Pyrazine 0.1 EtOH 3 
Stir / Hyd. 0.2 Pyrazine 0.1 EtOH 3 
Stir / Hyd. 0.1 Pyrazine 0.2 EtOH 3 
















Stir / Hyd. 0.1 NaOH 0.1 EtOH 3 
Stir / Hyd. 0.2 NaOH 0.1 EtOH 3 
Stir / Hyd. 0.1 NaOH 0.2 EtOH 3 







































Stir / Hyd. 0.1 2,2’-bipyridine 0.1 EtOH 3 
Stir / Hyd. 0.2 2,2’-bipyridine 0.1 EtOH 3 
Stir / Hyd. 0.1 2,2’-bipyridine 0.2 EtOH 3 
















Stir / Hyd. 0.1 4,4’-bipyridine 0.1 EtOH 3 
Stir / Hyd. 0.2 4,4’-bipyridine 0.1 EtOH 3 
Stir / Hyd. 0.1 4,4’-bipyridine 0.2 EtOH 3 




















Stir / Hyd. 0.1 None - Pyridine 3 
 















































































































Bond Valence Sum Calculations 
BVS analysis was conducted on the cobalt 1D chain, (S)-38 and the Mn6 Cluster, (S)-46 using the 
following equations. 
𝑉 =∑(𝑣𝑖) 




𝑉 = Valence of an atom 
𝑣𝑖 = Individual bond valence 
𝑅0 =⁡ Tabulated parameter expressing the (ideal) bond length when an element i has a valence 
equal to exactly 1 
𝑅𝑖 = Observed bond length 
𝑏 = Empirical constant which varies depending on the bond being measured 
Co 1-D Chain, (S)-38 
Bond 𝑹𝒊 𝑹𝟎 𝒃 𝒗𝒊 
Co1-O1 2.007 1.685 0.37 0.42 
Co1-O2 2.262 1.685 0.37 0.21 
Co1-O3 2.020 1.685 0.37 0.40 
Co1-O5 2.095 1.685 0.37 0.33 
Co1-O6 1.939 1.685 0.37 0.50 
 
𝑉 =∑(0.42 + 0.21 + 0.40 + 0.33 + 0.50) 
𝑉 = 1.86 ≈ 2⁡ 
Bond 𝑹𝒊 𝑹𝟎 𝒃 𝒗𝒊 
Co2-O4 1.994 1.685 0.37 0.43 
Co2-O5 2.084 1.685 0.37 0.34 
Co2-O7 1.975 1.685 0.37 0.46 
Co2-O8 2.013 1.685 0.37 0.41 
Co2-O9 2.380 1.685 0.37 0.15 
Co2-O11 2.292 1.685 0.37 0.19 
 
𝑉 =∑(0.43 + 0.34 + 0.46 + 0.41 + ⁡0.15 + 0.19) 






Bond 𝑹𝒊 𝑹𝟎 𝒃 𝒗𝒊 
Co3-O10 2.011 1.685 0.37 0.41 
Co3-O11 1.973 1.685 0.37 0.46 
Co3-O13 2.016 1.685 0.37 0.41 
Co3-O14 2.063 1.685 0.37 0.36 
 
𝑉 =∑(0.41 + 0.46 + 0.41 + 0.36) 
𝑉 = 1.64 ≈ 2⁡ 
Bond 𝑹𝒊 𝑹𝟎 𝒃 𝒗𝒊 
Co4-O12 1.937 1.685 0.37 0.51 
Co4-O14 2.048 1.685 0.37 0.38 
Co4-O15 1.959 1.685 0.37 0.48 
Co4-O16 1.983 1.685 0.37 0.45 
 
𝑉 =∑(0.51 + 0.38 + 0.48 + 0.45) 
𝑉 = 1.82 ≈ 2 
Mn6 Cluster, (S)-46 
The octahedral Mn atom Mn3 and the tetrahedral Mn atom Mn5 were measured. 
Bond 𝑹𝒊 𝑹𝟎 𝒃 𝒗𝒊 
Mn3-N3 2.176 1.837 0.37 0.40 
Mn3-O1 1.996 1.732 0.37 0.49 
Mn3-O4 1.894 1.732 0.37 0.65 
Mn3-O7 1.921 1.732 0.37 0.60 
Mn3-O10 2.018 1.732 0.37 0.46 
Mn3-O11 2.158 1.732 0.37 0.32 
 
𝑉 =∑(0.40 + 0.49 + 0.65 + 0.60 + 0.46 + 0.32) 
𝑉 = 2.91 ≈ 3⁡ 
Bond 𝑹𝒊 𝑹𝟎 𝒃 𝒗𝒊 
Mn5-O3 2.189 1.790 0.37 0.34 
Mn5-O6 2.145 1.790 0.37 0.38 
Mn5-O8 2.029 1.790 0.37 0.52 
Mn5-O9 2.027 1.790 0.37 0.53 
 
𝑉 =∑(0.34 + 0.38 + 0.52 + 0.53) 





Crystallographic Information Tables 
The following tables are pertinent crystallographic information regarding all of the crystal 
structures elucidated. Note: The data for the Mn6 phosphonate, (S)-46 are missing since this 
structure could not be sufficiently refined. 






Empirical Formula C14H20CoN2O6 C60H48CoN4O6P2 C60H48CoN4O6P2 
Formula Weight / g.mol-1 371.25 1041.89 1041.89 
Temperature / K 100(2) 150.0(2) 150.0(2) 
Crystal System Orthorhombic Monoclinic Monoclinic 
Space Group Pbca P21 P21 
a / Å 12.301(2) 10.6304(2) 10.63801(17) 
b / Å 8.8423(18) 9.96011(18) 9.9582(2) 
c / Å 14.888(3) 24.2053(4) 24.1949(6) 
α / ° 90 90 90 
β / ° 90 99.5065(18) 99.3899(19) 
γ / ° 90 90 90 
Cell Volume / Å3 1619.4(5) 2527.66(8) 2528.76(9) 
Z 4 2 2 
ρcalc g / cm3 1.523 1.369 1.368 
μ / mm-1 0.966 3.727 3.725 
F(000) 772 1082.0 1082.0 
Crystal Size / mm3 0.20 x 0.15 x 0.10 0.16 × 0.13 × 0.03 0.28 × 0.10 × 0.04 
Radiation 
Synchrotron (λ = 
0.6889) 
CuKα (λ = 
1.54184) 
CuKα (λ = 
1.54184) 
2θ range for data 
collection / ° 
3.1 to 27.5 7.406 to 133.71 7.406 to 133.904 
Index Ranges 
−15 ≤ h ≤ 16, −11 ≤ k 
≤ 11, −19 ≤ l ≤ 17 
−12 ≤ h ≤ 12, −11 
≤ k ≤ 11, −28 ≤ l ≤ 
28 
−12 ≤ h ≤ 12, −11 ≤ 
k ≤ 11, −28 ≤ l ≤ 28 
Reflections Collected 15214 35965 36371 
Independent Reflections 2027 [Rint = 0.0367] 
8937 [Rint = 
0.0505, Rsigma = 
0.0402] 
8934 [Rint = 
0.0484, Rsigma = 
0.0406] 
Data / Restraints / 
Parameters 
2027 / 0 / 116 8937 / 3 / 664 8934 / 3 / 664 
Goodness-of-fit on F2 1.039 1.017 1.018 
Final R Indices [I ≥ 2σ (I)] 
R1 = 0.0234, wR2 = 
0.0603 
R1 = 0.0372, wR2 = 
0.0912 
R1 = 0.0396, wR2 = 
0.0958 
Final R Indices [all data] 
R1 = 0.0261, wR2 = 
0.0618 
R1 = 0.0426, wR2 = 
0.0957 
R1 = 0.0457, wR2 = 
0.1001 
Largest diff. peak / hole 
/ e Å-3 
0.33 / −0.34 0.27 / −0.37 0.39 / −0.41 








(S)-Co 1-D Chain 
(R)-38 
(R)-Co 1-D Chain 
(S)-42 
(S)-Co 2-D Sheet 
Empirical Formula C80H58Co4O15P4 C80H56Co4O15P4 C52H39Co2N2O6.5P2 
Formula Weight / g.mol-1 1618.86 1616.84 975.65 
Temperature / K 150.0(2) 150.0(2) 100(2) 
Crystal System Monoclinic Monoclinic Triclinic 
Space Group P21 P21 P1 
a / Å 7.82942(10) 7.82168(16) 10.3565(16) 
b / Å 27.4179(5) 27.4270(7) 13.603(2) 
c / Å 16.3076(3) 16.2856(4) 17.736(3) 
α / ° 90 90 76.4689(16) 
β / ° 96.7915(15) 96.690(2) 75.8042(17) 
γ / ° 90 90 87.2599(18) 
Cell Volume / Å3 3476.12(10) 3469.88(14) 2355.0(6) 
Z 2 2 2 
ρcalc g / cm3 1.547 1.548 1.376 
μ / mm-1 8.798 8.813 0.726 
F(000) 1652.0 1648.0 1002 
Crystal Size / mm3 0.27 × 0.06 × 0.03 0.41 x 0.04 x 0.02 0.10 x 0.05 x 0.005 
Radiation CuKα (λ = 1.54184) CuKα (λ = 1.54184) 
Synchrotron (λ = 
0.6889) 
2θ range for data 
collection / ° 
8.45 to 133.556 8.454 to 133.842 2.0 to 29.7 
Index Ranges 
−9 ≤ h ≤ 8, −32 ≤ k 
≤ 32, −19 ≤ l ≤ 18 
−9 ≤ h ≤ 7, −32 ≤ k 
≤ 32, −19 ≤ l ≤ 18 
−10 ≤ h ≤ 14, −19 ≤ 
k ≤ 19, −25 ≤ l ≤ 25 
Reflections Collected 25509 25674 28248 
Independent Reflections 
11077 [Rint = 
0.0455, Rsigma = 
0.0592] 
11207 [Rint = 
0.0903, Rsigma = 
0.1137] 
20074 [Rint = 
0.0357] 
Data / Restraints / 
Parameters 
11077 / 6 / 953 11207 / 3 / 943 20074 / 51 / 1163 
Goodness-of-fit on F2 1.021 1.055 1.066 
Final R Indices [I ≥ 2σ (I)] 
R1 = 0.0399, wR2 = 
0.0795 
R1 = 0.0531, wR2 = 
0.1132 
R1 = 0.0581, wR2 = 
0.1520 
Final R Indices [all data] 
R1 = 0.0517, wR2 = 
0.0847 
R1 = 0.0812, wR2 = 
0.1285 
R1 = 0.0770, wR2 = 
0.1631 
Largest diff. peak / hole / e 
Å-3 
0.32 / −0.36 0.48 / −0.46 1.25 / −0.80 








(R)-Co 2-D Sheet 
(S)-43 
Co3Sc3 Mixed Cluster 
(S)-44 
Sc3 Cluster 
Empirical Formula C100H70Co4N4O13.5P4 C166H123Co3F3N9O22P6SSc3 C181H144F3N12O22P6SSc3 
Formula Weight / 
g.mol-1 
1903.20 3182.31 3248.83 
Temperature / K 100.0(2) 150.0(2) 100(2) 
Crystal System Triclinic Cubic Cubic 
Space Group P1 P213 P213 
a / Å 10.44450(10) 26.14318(15) 26.3793(11) 
b / Å 13.65000(10) 26.14318(15) 26.3793(11) 
c / Å 17.64280(10) 26.14318(15) 26.3793(11) 
α / ° 76.392 90 90 
β / ° 76.644 90 90 
γ / ° 87.582 90 90 
Cell Volume / Å3 2378.36(3) 17868.0(3) 18356(2) 
Z 1 3.99996 4 
ρcalc g / cm3 1.329 1.183 1.176 
μ / mm-1 0.811 4.202 0.222 
F(000) 974.0 6540.0 6744 
Crystal Size / mm3 
0.097 × 0.061 × 
0.017 
0.30 × 0.22 × 0.15 0.090 x 0.080 x 0.040 
Radiation 
Synchrotron (λ = 
0.6889) 
CuKα (λ = 1.54184) 
Synchrotron (λ = 
0.6889) 
2θ range for data 
collection / ° 
2.976 to 53.146 7.562 to 133.94 1.1 to 24.1 
Index Ranges 
−13 ≤ h ≤ 13, −17 ≤ 
k ≤ 17, −22 ≤ l ≤ 22 
−29 ≤ h ≤ 26, −31 ≤ k ≤ 
25, −22 ≤ l ≤ 30 
−31 ≤ h ≤ 31, −31 ≤ k 
≤ 31, −31 ≤ l ≤ 31 
Reflections 
Collected 
33726 43514 205231 
Independent 
Reflections 
19848 [Rint = 
0.0255, Rsigma = 
0.0446] 
10514 [Rint = 0.0483, 
Rsigma = 0.0422] 
10690 [Rint = 0.1247] 
Data / Restraints / 
Parameters 
19848 / 1164 / 
1153 
10514 / 822 / 685 10690 / 2201 / 868 
Goodness-of-fit on 
F2 
1.075 1.033 1.280 
Final R Indices [I ≥ 
2σ (I)] 
R1 = 0.0276, wR2 = 
0.0786 
R1 = 0.0677, wR2 = 
0.1750 
R1 = 0.1207, wR2 = 
0.3059 
Final R Indices [all 
data] 
R1 = 0.0290, wR2 = 
0.0792 
R1 = 0.0834, wR2 = 
0.1893 
R1 = 0.1475, wR2 = 
0.3294 
Largest diff. peak / 
hole / e Å-3 
0.35 / −0.42 0.45 / −0.55 0.92 / −0.65 















Empirical Formula C60H48MnN4O6P2 C185H149O22.5P6Fe3N13Cl C60H48N4NiO6P2 
Formula Weight / 
g.mol-1 
1037.90 3302.98 1041.67 
Temperature / K 150.0(2) 150.01(10) 150.0(2) 
Crystal System Monoclinic Trigonal Monoclinic  
Space Group P21 P3121 P21 
a / Å 10.64402(19) 18.1588(5) 10.6630(3) 
b / Å 9.99094(18) 18.1588(5) 9.9357(2) 
c / Å 24.4347(5) 42.1318(16) 24.0443(6) 
α / ° 90 90 90 
β / ° 24.4347(5) 90 99.489(2) 
γ / ° 90 120 90 
Cell Volume / Å3 2562.75(8) 12031.3(8) 2512.50(11) 
Z 2 3 2 
ρcalc g / cm3 1.345 1.368 1.377 
μ / mm-1 0.377 3.474 0.508 
F(000) 1078.0 5145.0 1084.0 
Crystal Size / mm3 0.28 x 0.15 x 0.11 0.271 x 0.127 x 0.039 0.24 × 0.22 × 0.08 
Radiation 
MoKα (λ = 
0.71073) 
CuKα (λ = 1.54184) MoKα (λ = 0.71073) 
2θ range for data 
collection / ° 
6.508 to 59.044 5.62 to 133.844 5.64 to 55.98 
Index Ranges 
−14 ≤ h ≤ 14, −13 
≤ k ≤ 13, −33 ≤ l ≤ 
33 
−17 ≤ h ≤ 16, −21 ≤ k ≤ 
21, −41 ≤ l ≤ 49 
−13 ≤ h ≤ 14, −13 ≤ k 
≤ 13, −31 ≤ l ≤ 31 
Reflections 
Collected 
83689 43818 16901 
Independent 
Reflections 
12788 [Rint = 
0.0471, Rsigma = 
0.0396] 
13689 [Rint = 0.1055, 
Rsigma = 0.1133] 
16901 [Rint = ?, Rsigma = 
0.0432] 
Data / Restraints / 
Parameters 
12788 / 1 / 664 13689 / 918 / 1060 16901 / 3 / 665 
Goodness-of-fit on 
F2 
1.025 0.994 1.018 
Final R Indices [I ≥ 
2σ (I)] 
R1 = 0.0366, wR2 = 
0.0719 
R1 = 0.0573, wR2 = 
0.1121 
R1 = 0.0311, wR2 = 
0.0769 
Final R Indices [all 
data] 
R1 = 0.0536, wR2 = 
0.0785 
R1 = 0.0985, wR2 = 
0.1273 
R1 = 0.0365, wR2 = 
0.0782 
Largest diff. peak / 
hole / e Å-3 
0.24 / −0.40 0.46 / −0.38 0.41 / −0.26 













Empirical Formula C70H58N6O6P2Cu C100H72N4O12.41P4Zn4 C180H211Cl3N8O58P7Y6 
Formula Weight / 
g.mol-1 
1204.70 1913.61 4271.16 
Temperature / K 120.0 150.0(2) 100(2) 
Crystal System Triclinic Monoclinic Monoclinic 
Space Group P1 P21 P21 
a / Å 9.7755(5) 10.6720(2) 17.713(3) 
b / Å 10.6386(5) 16.4176(3) 32.465(5) 
c / Å 15.6962(8) 24.9107(4) 18.724(3) 
α / ° 94.1568(16) 90 90 
β / ° 94.9182(15) 92.552(2) 108.9852(16) 
γ / ° 116.5843(15) 90 90 
Cell Volume / Å3 1443.11(13) 4360.24(13) 10182(3) 
Z 1 2 2 
ρcalc g / cm3 1.386 1.458 1.393 
μ / mm-1 0.496 2.485 1.702 
F(000) 627.0 1959.0 4402 
Crystal Size / mm3 
0.215 × 0.152 × 
0.074 
0.35 × 0.07 × 0.05 0.20 x 0.20 x 0.050 
Radiation 
MoKα (λ = 
0.71073) 
CuKα (λ = 1.54184) 
Synchrotron (λ = 
0.6889) 
2θ range for data 
collection / ° 
4.314 to 60.1 7.104 to 133.74 1.3 to 24.3 
Index Ranges 
−13 ≤ h ≤ 13, −14 
≤ k ≤ 14, −22 ≤ l ≤ 
22 
−11 ≤ h ≤ 12, −19 ≤ k ≤ 
19, −29 ≤ l ≤ 29 
−21 ≤ h ≤ 21, −38 ≤ k 
≤ 32, −22 ≤ l ≤ 22 
Reflections 
Collected 
24442 12957 79632 
Independent 
Reflections 
16275 [Rint = 
0.0270, Rsigma = 
0.0642] 
12957 [Rint = ?, Rsigma = 
0.0258] 
30811 [Rint = 0.0457] 
Data / Restraints / 
Parameters 
16275 / 3 / 774 12957 / 3130 / 1541 30811 / 3567 / 2360 
Goodness-of-fit on 
F2 
0.999 1.032 1.043 
Final R Indices [I ≥ 
2σ (I)] 
R1 = 0.0413, wR2 = 
0.0897 
R1 = 0.0334, wR2 = 
0.0836 
R1 = 0.0576, wR2 = 
0.1527 
Final R Indices [all 
data] 
R1 = 0.0542, wR2 = 
0.0946 
R1 = 0.0381, wR2 = 
0.0862 
R1 = 0.0778, wR2 = 
0.1644 
Largest diff. peak / 
hole / e Å-3 
0.87 / −0.32 0.46 / −0.58 1.31 / −1.17 













Empirical Formula C60H48CdN4O6P2 C180H144Cl3La5N4O42.5P8 C180H144Ce5Cl3N4O32P8 
Formula Weight / 
g.mol-1 
1095.36 4091.64 3929.69 
Temperature / K 210.0(2) 150.0(2) 150.0(2) 
Crystal System Triclinic Monoclinic Monoclinic 
Space Group P1 I2 I2 
a / Å 10.0187(2) 22.3278(5) 21.88211(17) 
b / Å 10.5982(3) 21.4956(4) 21.52244(16) 
c / Å 24.8854(6) 22.8071(6) 23.22975(17) 
α / ° 82.028(2) 90 90 
β / ° 89.0579(19) 90.141(2) 90.2855(6) 
γ / ° 86.902(2) 90 90 
Cell Volume / Å3 2612.88(12) 10946.2(4) 10940.07(14) 
Z 2 2 2 
ρcalc g / cm3 1.392 1.241 1.193 
μ / mm-1 0.535 1.113 9.231 
F(000) 1124.0 4096.0 3938.0 
Crystal Size / mm3 0.20 x 0.15 x 0.10 0.32 × 0.21 × 0.06 0.18 × 0.16 × 0.14 
Radiation 
MoKα (λ = 
0.71073) 
MoKα (λ = 0.71073) CuKα (λ = 1.54184) 
2θ range for data 
collection / ° 
5.864 to 54.97 5.792 to 58.998 5.598 to 133.962 
Index Ranges 
−13 ≤ h ≤ 12, −13 
≤ k ≤ 13, −31 ≤ l ≤ 
31 
−30 ≤ h ≤ 30, −28 ≤ k ≤ 
27, −30 ≤ l ≤ 28 
 −24 ≤ h ≤ 25, −25 ≤ k 
≤ 26, −27 ≤ l ≤ 27 
Reflections 
Collected 
83270 99189 18863 
Independent 
Reflections 
22905 [Rint = 
0.0423, Rsigma = 
0.0473] 
25533 [Rint = 0.0625, 
Rsigma = 0.0720] 
18863 [Rint = ? , 
Rsigma = 0.0392] 
Data / Restraints / 
Parameters 
22905 / 1287 / 
1328 
25533 / 3112 / 1361 18863 / 689 / 1172 
Goodness-of-fit on 
F2 
1.021 1.019 1.053 
Final R Indices [I ≥ 
2σ (I)] 
R1 = 0.0346, wR2 = 
0.0613 
R1 = 0.0504, wR2 = 
0.1128 
R1 = 0.0428, wR2 = 
0.1131 
Final R Indices [all 
data] 
R1 = 0.0539, wR2 = 
0.0671 
R1 = 0.0831, wR2 = 
0.1291 
R1 = 0.0462, wR2 = 
0.1162 
Largest diff. peak / 
hole / e Å-3 
0.42 / −0.35 2.75 / −0.96 1.29 / −1.91 













Empirical Formula C180H172Cl3N4O46P8Pr5 C200H178Cl3N8Nd5O39P8 C200H178Cl3N8O39P8Sm5 
Formula Weight / 
g.mol-1 
4185.87 4392.80 4423.35 
Temperature / K 100(2) 100(2) 100(2) 
Crystal System Monoclinic Orthorhombic Orthorhombic 
Space Group I2 P21212 P21212 
a / Å 22.283(7) 18.712(4) 18.698(5) 
b / Å 21.572(4) 32.092(7) 32.042(9) 
c / Å 22.556(4) 15.673(4) 15.658(4) 
α / ° 90 90 90 
β / ° 90.3830(10) 90 90 
γ / ° 90 90 90 
Cell Volume / Å3 10842(4) 9412(4) 9381(4) 
Z 2 2 2 
ρcalc g / cm3 1.282 1.550 1.566 
μ / mm-1 1.170 1.361 1.605 
F(000) 4228 4434 4454 
Crystal Size / mm3 0.150 x 0.080 x 0.030 0.080 x 0.040 x 0.020 0.050 x 0.050 x 0.040 
Radiation 
(Synchrotron, λ = 
0.6889) 
(Synchrotron, λ = 
0.6889) 
(Synchrotron, λ = 
0.6889) 
2θ range for data 
collection / ° 
1.8 to 27.5 1.3 to 24.4 1.6 to 24.3 
Index Ranges 
−22 ≤ h ≤ 29, −28 ≤ k 
≤ 28, −30 ≤ l ≤ 30 
−22 ≤ h ≤ 21, −38 ≤ k 
≤ 38, −15 ≤ l ≤ 18 
−22 ≤ h ≤ 17, −37 ≤ k 
≤ 38, −18 ≤ l ≤ 16 
Reflections 
Collected 
56436 60663 58115 
Independent 
Reflections 
25861 [Rint = 0.0342] 16874 [Rint = 0.0566] 15751 [Rint = 0.0593] 
Data / Restraints / 
Parameters 
25861 / 1423 / 1124 16874 / 374 / 1251 15751 / 368 / 1250 
Goodness-of-fit on 
F2 
1.029 1.070 1.042 
Final R Indices [I ≥ 
2σ (I)] 
R1 = 0.0395, wR2 = 
0.1078 
R1 = 0.0738, wR2 = 
0.1918 
R1 = 0.0547, wR2 = 
0.1334 
Final R Indices [all 
data] 
R1 = 0.0506, wR2 = 
0.1145 
R1 = 0.0933, wR2 = 
0.2059 
R1 = 0.0768, wR2 = 
0.1476 
Largest diff. peak / 
hole / e Å-3 
2.00 / −0.91 4.35 / −3.62 3.07 / −2.70 













Empirical Formula C180H211Cl3Eu6N8O58P7 C160H144Cl3Gd6N4O38P7 C180H211Cl3N8O58P7Tb6 
Formula Weight / 
g.mol-1 
4649.46 3997.42 4691.22 
Temperature / K 100(2) 150.0(2) 100(2) 
Crystal System Monoclinic Monoclinic Monoclinic 
Space Group P21 P21 P21 
a / Å 18.0663(11) 17.9637(3) 17.876(3) 
b / Å 32.4619(19) 32.2351(4) 32.600(5) 
c / Å 19.5931(12) 19.5313(4) 18.826(3) 
α / ° 90 90 90 
β / ° 111.445(3) 111.270(2) 110.1822(18) 
γ / ° 90 90 90 
Cell Volume / Å3 10695.2(11) 10539.4(3) 10297(3) 
Z 2 2 2 
ρcalc g / cm3 1.444 1.260 1.513 
μ / mm-1 1.753 2.011 2.038 
F(000) 4690 3952.0 4714 
Crystal Size / mm3 0.110 x 0.100 x 0.070 0.31 × 0.29 × 0.19 0.120 x 0.090 x 0.030 
Radiation 
Synchrotron (λ = 
0.6889) 
MoKα (λ = 0.71073) 
Synchrotron (λ = 
0.6889) 
2θ range for data 
collection / ° 
1.1 to 24.4 5.858 to 58.78 1.1 to 27.4 
Index Ranges 
−21 ≤ h ≤ 21, −38 ≤ k 
≤ 38, −23 ≤ l ≤ 23 
−23 ≤ h ≤ 24, −43 ≤ k ≤ 
41, −26 ≤ l ≤ 26 
−23 ≤ h ≤ 23, −36 ≤ k 
≤ 43, −25 ≤ l ≤ 25 
Reflections 
Collected 
95045 203313 103285 
Independent 
Reflections 
36951 [Rint = 0.1217] 
49532 [Rint = 0.0571, 
Rsigma = 0.0578] 
44578 [Rint = 0.0288] 
Data / Restraints / 
Parameters 
36951 / 4340 / 2053 49532 / 2516 / 1979 44578 / 4395 / 2207 
Goodness-of-fit 
on F2 
1.024 1.023 1.107 
Final R Indices [I ≥ 
2σ (I)] 
R1 = 0.1187, wR2 = 
0.3032 
R1 = 0.0632, wR2 = 
0.1498 
R1 = 0.0535, wR2 = 
0.1130 
Final R Indices [all 
data] 
R1 = 0.1799, wR2 = 
0.3508 
R1 = 0.0875, wR2 = 
0.1686 
R1 = 0.0738, wR2 = 
0.1260 
Largest diff. peak 
/ hole / e Å-3 
4.57 / −1.87 3.47 / −1.51 3.37 / −2.45 













Empirical Formula C180H211Cl3Dy6N8O58P7 C165H116Cl4Ho6N5O39P7 C185H216Cl4Er6N9O58P7 
Formula Weight / 
g.mol-1 
4712.70 4140.97 4855.81 
Temperature / K 100(2) 150.0(2) 100(2) 
Crystal System Monoclinic Monoclinic Monoclinic 
Space Group P21 P21 P21 
a / Å 17.727(3) 17.9088(6) 17.798(6) 
b / Å 32.613(5) 32.6170(7) 32.684(10) 
c / Å 18.760(3) 18.8573(6) 18.783(6) 
α / ° 90 90 90 
β / ° 108.8166(15) 108.940(4) 108.814(3) 
γ / ° 90 90 90 
Cell Volume / Å3 10266(2) 10418.8(6) 10342(6) 
Z 2 2 2 
ρcalc g / cm3 1.525 1.320 1.559 
μ / mm-1 2.039 2.417 2.272 
F(000) 4726 4056.0 4868 
Crystal Size / mm3 0.150 x 0.150 x 0.100 0.25 × 0.22 × 0.13 
0.450 x 0.300 x 
0.200 
Radiation 
Synchrotron (λ = 
0.6889) 
MoKα (λ = 0.71073) 
Synchrotron (λ = 
0.6889) 
2θ range for data 
collection / ° 
1.1 to 23.3 5.494 to 60.45 1.1 to 27.5 
Index Ranges 
−20 ≤ h ≤ 20, −37 ≤ k 
≤ 36, −21 ≤ l ≤ 21 
−24 ≤ h ≤ 24, −45 ≤ k ≤ 
44, −24 ≤ l ≤ 26 
−23 ≤ h ≤ 23, −43 ≤ k 
≤ 37, −25 ≤ l ≤ 24 
Reflections 
Collected 
76055 182304 96878 
Independent 
Reflections 
31593 [Rint = 0.0411] 
51587 [Rint = 0.1257, 
Rsigma = 0.1514] 
46246 [Rint = 0.0402] 
Data / Restraints / 
Parameters 
31593 / 3279 / 2359 51587 / 3912 / 2056 46246 / 3318 / 2405 
Goodness-of-fit 
on F2 
1.043 1.015 1.181 
Final R Indices [I ≥ 
2σ (I)] 
R1 = 0.0437, wR2 = 
0.1023 
R1 = 0.0696, wR2 = 
0.1413 
R1 = 0.0530, wR2 = 
0.1350 
Final R Indices [all 
data] 
R1 = 0.0538, wR2 = 
0.1065 
R1 = 0.1238, wR2 = 
0.1737 
R1 = 0.0551, wR2 = 
0.1383 
Largest diff. peak 
/ hole / e Å-3 
1.78 / −1.77 2.92 / −2.48 6.97 / −7.08 













Empirical Formula C160H147Cl4N4O42P7Tm6 C175H152Cl3N7O33P7Yb5 C175H152Cl3Lu5N7O33P7 
Formula Weight / 
g.mol-1 
4169.98 4069.37 4079.02 
Temperature / K 150.0(2) 100(2) 100(2) 
Crystal System Monoclinic Orthorhombic Orthorhombic 
Space Group P21 P21212 P21212 
a / Å 17.9916(3) 31.306(7) 31.104(4) 
b / Å 32.6532(4) 35.386(8) 35.179(5) 
c / Å 18.8284(3) 22.039(5) 22.045(3) 
α / ° 90 90 90 
β / ° 109.154(2) 90 90 
γ / ° 90 90 90 
Cell Volume / Å3 10449.0(3) 24415(10) 24122(6) 
Z 2 4 4 
ρcalc g / cm3 1.325 1.107 1.123 
μ / mm-1 6.046 1.841 1.964 
F(000) 4116.0 8084 8104 
Crystal Size / mm3 0.17 × 0.14 × 0.05 0.073 x 0.042 x 0.030 
0.065 x 0.040 x 
0.014 
Radiation CuKα (λ = 1.54184) 
Synchrotron (λ = 
0.6889) 
Synchrotron (λ = 
0.6889) 
2θ range for data 
collection / ° 
7.35 to 133.8 1.1 to 25.5 0.8 to 24.3 
Index Ranges 
−20 ≤ h ≤ 21, −38 ≤ k 
≤ 38, −22 ≤ l ≤ 22 
−39 ≤ h ≤ 39, −44 ≤ k ≤ 
44, −27 ≤ l ≤ 27 
−37 ≤ h ≤ 37, −41 ≤ k 
≤ 41, −26 ≤ l ≤ 26 
Reflections 
Collected 
78983 237510 243177 
Independent 
Reflections 
31770 [Rint = 0.0630, 
Rsigma = 0.0754] 
49665 [Rint = 0.0724] 42710 [Rint = 0.1108] 
Data / Restraints 
/ Parameters 
31770 / 2470 / 2035 49665 / 4346 / 2101 42710 / 4664 / 2147 
Goodness-of-fit 
on F2 
1.006 0.958 1.069 
Final R Indices [I ≥ 
2σ (I)] 
R1 = 0.0519, wR2 = 
0.1262 
R1 = 0.0454, wR2 = 
0.1144 
R1 = 0.0851, wR2 = 
0.2359 
Final R Indices [all 
data] 
R1 = 0.0664, wR2 = 
0.1376 
R1 = 0.0553, wR2 = 
0.1184 
R1 = 0.1206, wR2 = 
0.2666 
Largest diff. peak 
/ hole / e Å-3 
1.66 / −0.94 2.41 / −1.08 5.70 / −1.78 










Empirical Formula C20.50H18ClO4P   
Formula Weight / 
g.mol-1 
394.77   
Temperature / K 150(2)   
Crystal System Monoclinic   
Space Group P1211   
a / Å 13.6254(4)   
b / Å 8.1533(3)   
c / Å 16.8480(6)   
α / ° 90   
β / ° 95.322(3)   
γ / ° 90   
Cell Volume / Å3 1863.61(11)   
Z 4   
ρcalc g / cm3 1.407   
μ / mm-1 0.314   
F(000) 820   
Crystal Size / mm3 0.20  0.10  0.10   
Radiation MoKα (λ = 0.71073)   
2θ range for data 
collection / ° 
2.9 to 28.6   
Index Ranges 
−16 ≤ h ≤ 18, −10 ≤ k 




18161   
Independent 
Reflections 
7854 [Rint = 0.0369]   
Data / Restraints / 
Parameters 
7854 / 9 / 511   
Goodness-of-fit 
on F2 
1.055   
Final R Indices [I ≥ 
2σ (I)] 
R1 = 0.0439, wR2 = 
0.0733 
  
Final R Indices [all 
data] 
R1 = 0.0594, wR2 = 
0.0794 
  
Largest diff. peak 
/ hole / e Å-3 
0.33 / −0.29   
Flack Parameter    
 
 
 
 
 
